





a 


> - i 
e 


HE CARTOON GUIDE To 










“Gonick is close to being one of a kind.” 
— Discover 


LARRY GONICK 


New York Times Bestselling Author and Creator of the Cartoon History series 


ae ee 





THE CARTOON GUIDE 
TO PHYSICS 


Also by Larry Gonick 


The Cartoon History of the Universe 
The Cartoon History of the United States 
The Cartoon Guide to the Computer 
The Cartoon Guide to Genetics (with Mark Wheelis) 





LARRY GONICK 
AND ART HUFFMAN 





COLLINS 
REFERENCE 


A paperback edition of this book was published in 1991 by HarperPerennial. 


THE CARTOON GUIDE TO PHYSICS. Copyright © 1990 by Lawrence Gonick and Arthur Huffman. All 
rights reserved. Printed in the United States of America. No part of this book may be used or 
reproduced in any manner whatsoever without written permission except in the case of brief quotations 
embodied in critical articles and reviews. For information, address Harper Collins Publishers, 195 


Broadway, New York, NY 10007. 
First Collins edition published 2005. 


Illustrations by Lawrence Gonick 


The Library of Congress has catalogued the previous version of this book as follows: 


Gonick, Larry. 
The cartoon guide to physics / Larry Gonick and Arthur Huffman. — 
Ist HarperPerennial ed. 
p. cm. 
ISBN 0-06-463618-6 (pbk.) 
1. Physics—Caricatures and cartoons. 2. Physics—Popular works. 
I. Huffman, Arthur. II. Title. 
QC24.5.G66 1991 
530—dc20 90-55499 


ISBN 0-06-273100-9 (pbk.) ISBN 978-0-06-273100-5 (pbk.) 
18 19 LSC 70 69 68 67 66 65 64 


ONTENTS: 


PART ONE: MECHANICS 
CHAPTER 1. MOTION 


sua tienes ie eae Aeiratee, naee: @ eee 3 
2. THE APPLE AND THE MOON... 0.02... e, {A 
5, PROJECTILES... ce ee ee. 33 
4. SATELLITE MOTION AND 
WEIGH TLESSONESD. . ee ce, 37 
5. OTHER ORBITS... 2.002.000 0.0.00.04. 42 
6. NEWTONS THIRD LAW. 20. 47 
7. MORE ABOUT FORCES... eB 
3, MONENTUAA AND IMPOLZE............84 
O, ENERGY ce areas eee oat (3 
10. COLLISIONS 0. cc cc ce ee, 63 
11. ROTATION . Se saesle . 90 
PART TWO: ELECTRICITY 4° MAGNETISM 
CHAPTER 12. CHARGE... 2... ce cee ee (OF 
1%. ELECTRIC FIELDS. 2 2 oe en 117 
14. CAPACITORS © 2 cee, 123 
15. ELECTRIC CURRENTS. 2 2. ee, 123 
16, SERIES AND PARALLEL... 2... 00.200 08. 142 
17, MAGNETIC FIELDS... 2. ee I 
18. PERMANENT MAGNETS .......02......160 
19. FARADAY INDUCTION. 2.2... 0... .. 164 
20. RELATIVITY... 00. eee eee. 159 
24.. INDUCTORS inn wdicces cee era were aes 177 
22, AC AND DO 2. ccc ccc ce cece cee eee 180 
2. MAXWELL'S EQUATIONS AND LIGHT.....-. 189 


24. QUANTUM ELECTRODYNAMICS... 2. 195 





CHAPTER ONE 


MOTION, 


THE FIRST 
CONCEPT WE WANT 
TO UNDERSTAND \S 
MOTION : Biers FLYING, 
PLANETS WHIRLING, TREES 
FALLING. ALL THE UNIVERSE 
IS IN MOTION !! 

























HERE \S A STRNGUT- LINE 
COURSE MARKED OFF WITH 
VOATIVE DISTANCES IN THE 


YORWARD DIRECTION AND 
NEGATIVE DISTANCES IN THE 
REVERSE pieecnopy. 





LET'S WATCH MY FELLow ASTRONNUT RINGO As 
WE DRIVES A CAR OW THIS COURSE. THE CAR IS 
MOVING WITH CONSTANT SPEGp. THEN IT 
COVERS THE SAME DISTANCE Iw EACH INTERVAL 
OF TIME, ND WE WRITE: 


d=v-t 





AFTER AFTER 
1 SEC. 2 SEC vee ae ... ETC 









{Om 


DISTANCE Gh EQUALS SPEED V 
TIMES TIME C. IE THE SPEED 
IS 10 METERS/SEC-, THEN 

IN EACH SECOND RINGO 
TRAVELS 10 METERS. 

IN TWO SECONDS HE 
GOES 20 METERS, 
IN THREE SECONDS 
30 METERS, IN 
ONE MINUTE 
Loo METERS 


MND IN ONE 
Hour (3600 9) 
WE GOES 


4b00 4 x 10 m/5 = 36,000 m = 


ZOKM. 





~~ ~~, aon a 


\N AN ORDINARY TRIP, YOU ARE ALWAYS 
SVEEDING UP AND SLOWING DOWN * Your 
SPEUD IS NOT ConSTANT. “THEN WHAT 
WAPRENS To THE EQUATION d=v-t 2 IF 
V |S GINNGING, WHICH \ALUE OF V 
DO You USE? 













CuRNnbe 
Must CE AN 
ILLUSION.-- 


you COULD SOLVE THE 


(® B EQUATION TOR Y To GET 
7 - V= qd, , 90 
\ FINAL ODOMETER INITIAL ODOMETER 
( As vie _Resbie = READING 
ELAPSED TIME 


THis Gives te AVERAGE srcep Yor 
THE TRIP. \T TOOK THE OLD NKTURAL 
PHILOSOPHERS & LONG TIME 
To REALIZE THAT AN 
OBJECT ALSO HAS AN 
INSTANTANEOUS 

SPEED, hk SPEED AT 

FACH MOMENT. 

TART (6 THE NUMBER 

YOUR SPEEDOMETER 
MEASURES. 











PHYSIZISTS HAVE FOUND THAT THE 
VIRECTION OF MOTION 15 6 JMPORTANT 
AS THE SPEED. THEY USE THE WoRD 


To REPRESENT BOTH SPEED AND DIRECTION. 


IF RINGO TRAVELS IN THE NEGATIVE DIRECTION, BY BACKING UP 
OR TURNING PROUND, WE SAy THAT HE HAS NEGATIVE 
VELOCITY. 


THIS EXPLAINS WH 
1 WAVE NEGATIVE TIMBERS 


TER! 


YOu CAN THINK OF VELOCITY AS AN ARROW POINTING IN THE DIRECTION 
OF MOTION, WITH ITS LENGTH PROPORTIONAL TO THE SPEED. 





MORE GENERALLY, IF 
RINGO DRIVES Iw ANY 
DIRECTION, WE REPRESENT 
his VELOCITY BY AN 
ARROW — FOR EXAMPLE, 
V = 32 m/sec AT 
28° EST OF NORTH. 





WHEN AN OBJECT'S VELOCITY 
CHANGES, WE SAY THAT IT 









WE DEFINE ACCELERATION AS 


ACCELERATION 
THE CHANGE IN VELOCITY Q IS THE SPEED 
PER UNIT T[ME : OF THE Steep! 


Q- CHANGE WV 
t 


THIS 15 SIMILAR TO THE 
DEFINITION OF SPEED, AS 
THE CHANGE IW DISTANCE 


PER UNIT JIME. 47 | a “> 


LETS RIDE WITH RINGo AGAIN. His CAR BAS A LINEAR 
SPEEDOMETER, WITH NEGATIVE READINGS FOR BACKING UP — 
\ “VELOCITOMETER.” THEN ACCELERATION \S NOTHING BUT THE 
VELOCITY OF THE INDICATOR NEEDLE !* 


FUSING THE 
UNITS OF 
VELOCITY READ 


OFF THE 
VELOC\ITOMETER 


\F THE VELOCITY 15 CHANGING 
RAPIDLY, WE HWE A BIG 
ACCELERATION. 


IF THE VELOCITY CHANGE 
SLOWLY, ACCELERATION 
IS SMALL. 


AND J€ RINGO MMNTRINS A 
STEADY SPEED, HIS 
ACCELERATION 1S ZERO. 





WOW WATCH AS RINGO a. 
ACCELERATES SMOOTHLY —~ 
FROM © To 9O kw/ha. ae 


IN 5 SEC. TRE SPEEDOMETER SE 

INDICATOR MOVES WITH i 0, 

ig biel bah So EN, << 
HERE ACCELERATION a 
IS A CONSTANT, a 


AND WE CALCULATE: 


FINAL SPEED — INITIAL SPEED. 50 km /« 


Oe Oe 
= ELAPSED TIME 5 > 


= any (Le) PEE = 2.78 w/t 


mz 36005 ]\"1 KM 
THESE Two FACT = 
BOTH BOUL TO Le NOTE THAT THE UNITS oF 
Steer Rots sey) eens eR Saw POR 
IMD METERS To KILOMETERS. a 












Dib YOU NOTICE ANOTHER EFFECT | IN GENERAL, 
WHEN RINGO WAS ACCELERATING 2 
WHENEVER THE CAR ACCELERATED 
FORWARD, RINGO WAS PUSHED 
BACK INTO HIS SEAT- 
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DIAC ON AAG Oe 
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SE BISA MA Oe AEN SENS 
i pe,e 


ean. USHING Him 







pOWN HERE 
iS So MEWHERE... 





Go THE CAR HAS NEGATWE 
ne WHEN \TSloWS 


IN THIS BRAKING 

S\TUATION, THE Spee 

INDICATOR MOVES To THE LErT— 
1.E-, [TS VELOCITY 15 weeATiVE- 














THE CAR HAS NEGATIVE ACCELERA- 
TION IF IT tS SLOWING DOWN 
FROM A POSITIVE VELOCITY, OR 
Ir ITS SPEEDING UP IN THe 
NEGATIVE DIRECTION. 


DID You NOTICE THAT THE 
ACCELERATION 1S OPPOSITE To THE | 
DIRECTION OF THE FoRCE You reel? 


EITHER WAY THE |. a 


SPEEDOMETER 
IS MOVING To 
THE LEFT! 





WHEN HE ACCELERATES FORWARD, 
THE MASS SWINGS BACK To AN 
ANGLE FRoM THE VERTICAL. 


WE CAN USE THE ACCELERATION 
FORCES To MAKE AN INpiCATOR 
OF ACCELERATION — AW 
ACCELEROMETER. we SIMeLy | 
SUSPEND A MASS BY A STRING 
FROM RINGO ROLL BAR. 










WITH NEGATIVE ACCELERATION, | | THE MASS MOVES IN A DIRECTION 
THE MASS MOVES To A FORWARD | | OPPOATE To THE ACCELERDTION, 
ANGLE. AND THE ANGLE EVEN GIVES A 

MEASURE OF THE ACCELERATION. 


(wuar's @? 
SEE pe t) 


ACCELERATION SITUATION 
ION SITUATION: eae 

RINGO DRIVES AT A Ae = 

CONSTANT SPEED OF 20 Ku/yR 37 SS 

AROUND Kk CIRCULAR TRACK. 


ix | 
OEE NI 
(———_— 


WERE THE “SPEED OF THE SPEEDOMETER™ 
TEST FAILS. EVEN THOUGH RINGO'S 
SPEED ISN'T CHANGING, HIS 
VELOCITY 'S — Becks 115 
DIRECTION \S CHANGING bS HE 
TRAVELS AROUND... 









ALTHOUGH THE SPEEPOMETER ISN'T 
CHANGING, RINGO FEELS A FORCE 
PUSHING KIM To THE OUTSIDE OF THE 
CURVE AND THE ACCELEROMETER 
AANGS TO THE OUTSIDE oF THE 





~- AND WE WAVE AW ACCELERATION 


PERPENDICULAR To THe 
MoTION, OPPOSITE To THE 
FORCES HE FEELS. THE 
{ ACCELEROMETER MEASURES 

v THE ACCELERATION 
CORRECTLY. So: WHEN 
AN OBJECT MOVES INA 
CIRCLE, WITH CONSTANT 
SPEED, \1S ACCELERATION 

IS Towato THE CENTER 


OF THE CIRCLE. 


al 






ACCELERATION IS NOT AN EASY CONCEPT, 
BUT IT 19 A BASIC ONE IN PAYSICS. 


MOST MOTIONS IN THE WORLD 

ARE NOT dda THE ae oreeD Cinichic. r 
AND DIRECTION ARE ALWAY 

CHANGING. IN OTHER WORX, —— M 
THEY ARE ACCELERATING * |; 


ne 
SPCED CONSTANT, 
pot DIRECTION CAANGING 


Vv } 
en ie | 
(Ae — —~ ina? v 











SPEED 
AND 
DIRECTION 
CAANGING 


VELOCITY I5 GNEN BY THE BASIC 
EQUATION 


ve dh. 


VELOCITY |S THE RATE OF CHANGE 
OF DIGTANCE. ACCELERATION IS 
THE KATE OF CHANGE OF VELociTy 


EVEN ACCELERATION CAN 8E 
CHANANG! * Seater eS Vr 


(2 





BUT IN cert yes — 
WE USUALLY 4 


CONSTANT ACCELERAT ION 


SITUATIONS. 





SuprOSE You START FROM 
REST AND UNDERGO CONSTANT 
ACCELERATION @ FoR A 
PERIOD OF TIME t. HOW 
FAR DO You GO IN THIS 
TIME 2 


sb oO —c et Bis 


Vzat 





t=O 

Vz=0 
WELL, YOUR 
INITIAL SPERD 

Vv IS ZERO, AND 
IT INCREASED 
QNIFORMLY. 

t To vzat 

IN TME GB. 50 YOUR 

AVERAGE srEED DURING 

THIS INTERVAL WhS: 


Vv - O+at = Lat 
2 2 


AVERAGE 





THEN THE DISTANCE TRAVELED 
d 15 THe AVERAGE SPEED 
TIMES TIME EG, OR 


d = sat:t 
d= Lat* 


FOR EXAMPLE, SUPPOSE RINGO 
ACCELERATES FROM O10 50K", 
IN SEC. LET'S SEE HOW 
FAR WE GOES, THIS PROBLEM 
HAS Two STEPS. FIRST, WE 
MUST FIND THE ACCELERATION. 
THIS WE ALREADY DID ON PAGE 8, 
FINDING @ = 2.7em/sect, 50 


d=1at? 
= 5 2.786% ).(56) 


= S47 ucrers 


AUUING | steno (CON) Gzullzo 


THIS BOCK, 
I> ANOTHER COMNON ive examece! A: 4 | (1564-1642) 
KIND OF MOTION. Dip IT MOVE " , ALSO. 


AT CONSTANT 
SPEED? IT 


PROBABLY 



















GALILEO ROLLED MANY OBJECTS 
DOWN INCLINED PLANES, USING 
| UIS OWN PULSE AS A CLOCK. 


[ 


GALILEO FIGURED OUT A WAY TO 
SLOW DOWN THE FALLING MOTION, 
50 |Tv CouLD BE STUDIED AT 

LEISURE. UWIS APPARATUS? AN 
INCLINED PLANE. 

















Wm 


EN 


GALILED POUND THAT THE 
DISTANCE A BALL ROLLS 
INCREASES WITH THE 
SQUARE OF Tie ELAPSED 
TIME —FITTING THE 
FoRMULA 





De nS Rae ay 
EL 






HOW Do WE KNOW 
TUAT ROLLING 
DOWN A SLOPE (5 
LIKE FALLING, 
ONLY SLOWER? 
AU, THERE IS 
GALILEO'S GENIUS!/ 
AS WE TILTS 

THE PLANE 
STEEPER AND 
STCEPER, THE 
MOTION BECOMES 
FREE FALL’ * 





bALILEO ALGO WONDERED How AN 
OBSELT'S RATE OF FALLING IS 

pFFECTED BY ITS MASS. “EVERY 
BRICK FALLS FASTER 


UNOS" THAT A 
THAN & FEATHER 


So THIS FEATHER 


A FERTUGR HAS A LOT OF AIR 
RESISTANCE, AND NORMALLY 
FLUTTERS SLOWLY, BUT INA 
VACUUM, AS ON THE MOON, IT 
DROPS Like A BRICK. 








FROM CAREFUL MEASUREMENT, WE 

HAVE DETERMINED THIS RATE OF 

ACCELERATION: NEAR THE SURFACE 

OF THE EARTH, ALL OBJECTS FALL 

WITH A CONSTANT ACCELERATION 
EQuAL To 


32 * Kec’ 
= 9.8 sec’ 


(NEGLECTING AIR RESISTANCE ). 











put GALICE'S ExPERIMENTS 
PRoDUCED A SURPRISE: 
NEGLECTING DIR RESISTANCE, 


1 ALLL, ORGS 
Ge v GALL, Oi 
eG 


RA 
Y ACCELERATION, 


~ REGARDLESS OF MASS. 















WE CAN DUPLICATE THE EXPERI- 
MENT HERE ON EARTH, INGIDE 
b CONTAINER WITH THE AIR 

PUMPED OUT. 


Cea Pa) 5 eenaat ‘i cm ene er ae oe ee ey 
ae ai a a oa vy 2 ants Oe ee en 
bd bee re | a ee 2 PCeen Ce ee ee | 
ae ret Seat it ie ee eee aR 

ae er ets vee vet . SOND 
a Seer en he anne | ae te 
- a ¥ - td Ce i ed 
‘ eV CLOMEQoraer we. 
Cee De ee ee 









"*BBlemenae 
as BA 
ioe ee 

ee ee © ee ore) ee) 
4) P se URC Ra pam sions 
ee eee 2 ee 
ee 
i | 
ee er. ee 
eg na mI TTT me 
TT | Li ered 
a Le 
—- /fzt- @ Bear LLoULUToLe 
iii iC. tts WS é {€€faF  § (iii! 
See ee Foe 
iin ee ed 
—eeernenee ©" BP #&=&  — Fe LR Tr eae ee 
-- ae th eee la EOP lind 
ae] 


CncioenraLey, BINISTEIN 
[1879-1955] REASONED THAT BEcAuse 
ALL OBsECTS MOVE THE SAME IW 

A GRANITATIONAL FIELD, GRAVITY 
Must BE A PROPERTY OF 
SPACE AND TIME RetHER 
THAN of THE OBSECTS THEMSELVES, 


Gore 
KS LES 
i 














To MAKE THIS MORE CONCRETE, THIS 15 MOTION WiTe 
LET'S DROP A BLOCK OF |T CONSTANT ACCELERATION g: 


(CONCRETE, THAT 15) FROM 50 VELOCITY INCREASES 
THIS ROOFTOP. PROPORTIONALLY To TIME: 


WE v= gt 


WS AFTER OVE SECOND OF 
cS 


C FALLING, IT 15 GOING 
AEN (ogmic? )-(1s) = 98% 


AFTER 2 SECONDS, ITS 
SPEED I5 


(9.8 m/e X25) =19.b m/e 
ETC. 





HOW FAR DOES IT 
FALL IN TIME € 2 NN 
APPLY OUR FORMULA 05 | 49 m/s 


2 
AFTER ONE SECOND, IT 
WAS FALLEN 19.6 wis 
' 2. 
3.9.8 m/e2 (1 5} 
= 49 meters 


AFTER 2 SECONDS, 
THE DISTANCE [5 


2 
$9.6 m/sr )(2 ) 
= 19.6 meters. 









\WATCH 
AS \ THROW 
THiS ROCK 
VERTICALLY INTO 
THE ART 


NOW LETS SEND A BALL UP GALILEO's oe DILUTION DEVICE: 
THE BALL STARTS FAST SLoWS DOWN: 7 

MOMENTARILY, AND Rous BK eis 
FASTER AND FASTER. 












WHATS THE VELOCITY AT 
THE Tor? 7 
MOMENTARILY. 






BUT WUPT'S THE ACCELERATION 
AT THE Tor? Not ZERO! THE 
ACCELERATION 14 CONSTANT 
THRoVGWOUT THE WHOLE 

MOTION- THE ACCELERATION 
SLOWS THE GALL Dou MT 
ROLLS UP AND SPEEDS IT UP 

hS IT ROLLS DOWN. SIMILARLY, 
THE ROK TUROWN INTO THE 
AIR ALWAYS WM ACCELERATION 


g DOWNWARD. 





» CHAPTER 2 » 


ut ASE Moe 


(IN ORDER TO UNDERSTAND 
THE MOON'S MOTION, AND 
ALL THE OTHER MOTION 
AROUND US, WE FIRST ASK 


THE QUESTION: WHAT Do 
OBJECTS DO WHEN 
NO Farce i ACTING 





FOR CENTURIES, 
PHY7IC5 SLEPT IN 
THE ZHAVOW OF 


ARISTONEE 


(364-322 BC-). 
ARISTOTLE BELIEVED THAT 
THE “waTURAL" MOTION 
oF CELESTIAL OBNECTS 
(Moo, STARS) WAS 
CIRCULAR WHILE 
RIAL OBJECTS 
(APPLES , RoCKS, You) TEND 
“NATURALLY” To 


@ 


















AS FoR EARTHLY OBJECTS, 
ARISTOTLE THOUGHT THAT AFTER 
FALLING, THEY COME To REST, 
UNLESS Some FORCE PUSHES 
THEM SIDEWAYS. 


NOTICE THAT IF THE MOON WATURALLY 
MOVES IN A CIRCLE, WE DON'T 
NEED ANY GRANITY To EXPLAIN 
ITS MOTION. 








AND WE INSTINCTIVELY AGREE WITH 
WIM! tT DOES SEEM THAT A FoRc€ 
16 NEED To MAINTAIN MOTION, 

LIKE A MOTOR PROPELLING & CAR. 


WHEN THE ENGINE I$ COT OFF 
THE CAR GRADUALLY... Roles... 
TO... Kove. HALT... 











CRUFF 0 : 





\T TOOK THE GEWLS oF 


GALILEO To CLAIM THAT saat 
No) Yo axa OFF! 


IS NEEDED TO KEEP 
pn OBJECT IN 


nat 
Ae Mite 
Monon. 









GALILED'S BRAINSTORM 6) THE Force 
WAS To SEE THAT FORCES @ " mY \DEAS 
CHANGE THE MOTION 7 


OF OBJECTS. LEFT 

NLONE, THINGS WOULD 
TRAVEL IN A STRAIGHT 
LING FOREVER. IT (S$ 
THE FORCE oF FRICTION 
THAT SLOWS THEM Down. 


WE CAN CONVINCE OURSELVES OF THIS IDEA WITH A 4IMPLE 
APPARATUS CONGISTING OF A FLEXIBLE RUBBER MAT: 






GIVE ME 
A HAND, 
LUCY..: 






A ROLLING Bal 
TENDS To REACH 
THE SAME 
HEIGUT ON THE 
OTHER SIDE... 
ANp (F THERE 
WERE NO OTHER 
SVE, IT Wourp 
ROLL GN Forever, 
Ir Not FoR 
FRICTION - 





ISARC a WON (\642-1727) SUMMARIZED GALILEOS 
IDEA MN NEWTON'S FIRST LAW: 


AN OBJECT AT REsT 
TENDS To STAY AT 
REST- AN OBJECT 
IN MOTION TENDS 
TO CONTINUE (N 
MOTION AT 
CONSTANT SPEED 
IN & STRAIGHT 
LINE . 


¢ td 5 
ahe 





y (HE ALSO ShlO= “IE t 

HAVE SEED FAR, IT (5 

BECADSE | HAVE 

STOOD OW THE SHOULDERS 

OF GIANTS," MEANING 
GALILEO oF COURSE...) 








7 T Ll tae gens WE DEVELOPED th CHAPTER ONE , 
D SAY THAT WHEN THERE ARE NO FORCE, 


OBJECTS, MOVE witt CONSTANT VELOCITY. 


ZIP 3 
— os . 
a a 


2| 











THE AMouNT OF INERTIA A Bopy 
LIAS 1S. MEASURED BY ITS 
MASS. MASSIVE THINGS HAVE 
LOTS OF INERTIA, MEANING 
| THAT A LARGE FORCE 1S REQUIRED 
To CHANGE THEIR MOTION. 





THE PROPERTY OF OBJECTS THAT 
MAKES THEM “TEND To OBEY 
NEWTON'S FIRST LAW, WE CALL 


q (\NERTIA (5 
RESISTANCE To CHANGES IN 













ie WHATEVER “ERT” 
: L 
6, 1M IN \T! “inert 















THESE ARE THE FORCES THE 
CAR HAS To EXERT ON RINGO 
To OVERCOME HIS INERTIA 

AND ACCELERATE HIM. 


WE SAID PREVIODSLY THAT WHEN 
RINGO RipDes IN A CAR THAT 
ACCELERATES, HE FEELS Forces. 







MR NEWTON WILL SUMAAARIZE : 


BeEeRKer OWE.NINE:~™ 


FORCE OVERCOMES 
INERTIA AND 
PRODUCES ACCELERATION. 
YO You READ” 





Nb FORCE, MASS, AND 
§ RELATIONSHIP? AMO a 
ey MATREMATICAL FORM WITH NEWT 


SECOND LAW: 


Fema 


THE MORE 
FORCE ON 
AN OBJECT, 
THE MORE 
IT ACCELERATES. 
But THE 
MORE 
MASSIVE 

IT (5, 

THE MoRE 

IT RESISTS 
KCCELERATION. 
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NoW LETS LOOK AT THE 
MOON AGAIN. IT GOES 

IN A CIRCLE AROUND 
THE EARTH, OR NEARLY 
50. Ao WE HAVE SEEN, 
THINGS THAT MOVE IN A 
CIRCLE ARE ACCELERATING. 
THEREFORE, IT HAS A 
FORCE ACTING ON Ir. 

IT MUST BE THAT 


THE EARTH I$ 
PULLING ON 
THE MOON. 





0 


WE KNOW THAT THE EARTH “Tue Same FoRce, GRAVITY. 


PULLS ON OBJECTS NEAR ==> ACTS ON THE NOON, PULLING 
ITS SURFACE CAUANG ; (T AWAY FROM THE STRAIGHT 
THEM TO ACCELERATE ; LINE IT WOULD HAVE TAKeN 
DOWNWARD- ; IN THE ABSENCE OF GRAVITY, 






° a mana en > =p 
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WHEN RELEASED 
INMID-AIR, AN meyrey 
APPLE WOULD my pra! 
HAVE REMAINED 

AT REST (ITS 

“NATURAL” MOTION) 

\F NOT FoR THe 

EPPEcT OF 

GRAVITY MAKING 

IT FALL. 









SIMILARLY, IN THE ABSENCE OF GRAVITY (oR OTHER FoRCES), TRE MOON 
WoULD CoNTINVE ALON? A STRAIGHT LIVE AT UNFORM SPEED. 
BUT GRINITY DOES PULL IT, ACCELERATING THE MOON 
TowARD Tue EARTH. THE MOON I$ FALLING — 
FALLING AWAY FROM (tS NATURAL “FIRST LAW" STRAIGHT- 
LINE MOTION. 











IN ONE Sc.) THE MOON Goeum-r 
FNLS ABOUT t mm AWAY | Loe K 
FROM & STRAIGHT-LINE « 

PATH 











In ONE SEC. AY APPLE 
FALLS 4.9m NEAR 
THE EARTH'S SURFACE. 


THE MOOR POET FALL 
AS MUCK AS THE 
ARPLE, BEchuse THE 
EARTHS GRAVITY 15 
WEAKER OuT THERE, 
FAR FRom THE EARTH. 
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STOP FOR bh MOMENT AND CoNSiDER WHAT NEWTON 
ACCOMPLISHED. THE MOTION OF TRE APPLE AND THE MOON 
OBEY THE SAME LAWS. HEAVENLY BoDIES BEHAVE NO 
DIFFERENTLY FROM EARTHLY ONES. NEWTon's LAWS ARE— 


UNIVERSAL! 


Dyn aen 
ATTRACTED To 


ee NIG sat ee 





THE GRAVITATIONAL FORCE BETWEEN 
TWO MASSES M WD mM |S 
PROPORTIONAL To THE PRopUucT OF 
THE MASSES AND INVERSELY 

PROPORTIONAL To THE SGUARE of 


THE DISTANCE Y BETWEEN THEM. 


Y 


















EVERYTHING IN THE 0F COURSE, IF THE da. aks" 
UNIVERSE ATTRACTS MASSES ARE PS SMALL 4 W.) 3s ua 
EVERUTHING ELSE! THE | | AS Youns AND MING, | Padaaithat Iie 
EARTH ATTRACTS THE Twe Force (S SMALL. | Pa Fe\y) ay 

tad iy 





MOON, THE MOON ATTRACTS 
= ARTH, You ATTRACT 


TART NUMBER G IN THE FORMULA 15 A 
CONSTANT OF NATURE THAT INDICATES 
HOW STRONG THE GRAVITATIONAL FORCE 


15. To MEASURE G, You Would HAVE 
To PERFORM AN EXPERIMENT To MERSURE 
THe oo BETWEEN Two KNOWN 





GRAVITY GETS WEAKER WITH DISTANCE © WE SAW THAT THE 
DISTANT MOON FALLS SLOWER THAN AN EARTABOUND APPLE- 
ANOTHER EFFECT oF THIS INVERSE*SQUARE LAW 16 THe 
TIDE Tee TWICE-DNILY RISE AND FALL oF QccAN WATER. 


Q 






3 ted A 


ss $2 ee 
THE WATER DIRECTLY UNDER THE MOON 15 CLOSER To THE 
MOON THAN THE CENTER OF THE EARTH 1S... So THE MOONS 
GRAVITY PULLS HARDER ON THE WATER, AND THE WATER 
“HEAPS UP” UNDER THE MOON. ANP SINCE THE CENTER 
OF THE EARTH [I$ CLOSER To THE MOOW THAN THE WATER 
ON THE OPPOSITE SIDE OF THE EARTH, THE MOON 
PULLS THE EARTH AWAY FROM THAT WATER, SO IT 
HEAPS UP Too! 





THIS WATER \S PULLED 
MORE STRONGLY THAN 
THE EARTH THE EARTH 15 PULLED 
MORE STRONGLY THAN 

THIS WATER 








ADARAR THE TES OCCUR PECMISE 


2 a ue « GRAVITY GETS WEAKER 
lege” WITH DISTANCE. 


GPA SB $2 





sf Ss 





THE SUN ALSO CAUSES TIDES IN THE SAME WAY 

BuT LESS So, BECNUSE OF THE Sun's GREATER 
(W)) DISTANCE. AT FULL MOON AND NEW MOON EAct 

MONTH, THE SUN (5 IN LINE WITH THE MOOW 


AND THE EARTH. THEN THE SUM AND MOON TOGETHER 
PROPULE EXTRA: HIOH AND EXTRA-LOW TIDES. THESE ARE 
THE Twice -MONTHY SPRING TIDES. * 





AT FIRST QUARTER AND LAST QUARTER, THE SUN AND 
MOON ARE AT RIGHT ANGLES. TRE SUN'S TIDE 15 
SUBTRACTED FROM THE MOON'S, AWD THe VARIATION I TIDES 
Id LESS. These ARE THe NEAP TIDES. 


ad 
- 





* THESE HAVE NOTHING To Do WITH THE SPRING SEASON. 
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NOW LET'S THINK AgouT GRAVITY'S 
EFFECTS ON THINGS NERE THE EARTH, 
You, FOR EXAMPLE. THE 
GRINITATIONM. FORCE OW You 


> JOUR WEIGHT. 









YoU WENT ON A DIET 


THE EARTH HAD ARTHER 
AND LOST MASS. You WERE FARTH 


LESS mass (OR | | ERom THE BARTH: 
YOU WERE ON THE | | yp ON THE ROOF, You 
) ACTUALLY WEIOR 
SLIGHTLY LESS. 









Now You JUMP OFF THE Root — WaT 
ACCELERATioN? NOTE THAT WE Now we 
TWO WAYS To EXPRESS “THe GRAVITATIONAL 
FORCE ON You: 


FROM NEWTONS 
SECOND LAW: 








, How 
my To THE puNDAMENTAL 
ee CONSTANT G AND THE 
ma EARTH'S MASS AND 
RNDIUS. NOTE THAT mM, 
1 4YouR MA%, CANCELS 


ouT. a Doeswt 
DEPEND ON YouR. MASS! 


FROM UNIVERSAL 
GRAVITATION : 
Mm 








SETTING THESE EQ@UAL, WE FIND: 
mg = OMe, 40 q= 68 






TWE FORCE THE EARTH EXERTS 

oN You W= mg 

FUOWS THE DISTINCTION 
TWEEN 













WEIGHT, W. 1S THE 
AMOUNT OF 
ORMVITATIONAL PULL 
ON THE OBJECT. 
WEIGHT VARIES 
ACCORDING To 
WHERE You ARE: 
I DEEP SPACE, 
YOUR WELOKT MIORT 
BE ZERO, BUT 
YOUR MASS IS THE 
GAME WHEREVER 
You Go! 


ee AwETAR 











MASS ,I1), 15 THE 
VANTITY OF 
ANTTER Ww AN 
OBJECT. MASS 


ASURES 
Ne How Much ORAVITY 
Ne oper 
OTHE 
AND (2) HOW MUCH 
IT RESISTS 
ACCELERATI ON, 
KOW Mucd 
INERTIA (T HAS - 






N 
$F DoMOT.™ 


WE EVEN MEASURE 
WEIGHT AND MASS 

IN DIFFERENT UNITS. 
IN THe METRIC SYSTEM, 


KILOGRAM 


IS THE 
UNIT OF MASS, 
WHILE THE 


NEWTON 


THE UNIT OF 
WEIGHT. A PERSON 
"MASSING 50 Ka 
WAS & WEIGHT 
W = tg 
= (50 K6 (9.8 mt) 
=490 NewTons 





\T 15 TEGINICALLY INCORRECT TO SAY THAT SOMETHING “WEIGHS: 
50 kq. WEIGHT if STATED IN UNITS OF FORCE, NEWTONS. 
CONFUSING? LISTEN To 
THIS: IN THE ENGLISH 
SUSTEM, THE UNIT OF 
FORCE 1S THE [POUINID, o) 
WHILE THE UNIT OF Al 
MASS \S TRE CLOG. = 


h PERSON WEIGHING : 
160 POUNDS HAS A MAGS | (Ener 




















AT CAST, 
bh UNIT WITK 
& BEAUTIFUL 
NAME ! 


m=... leo tunes oT at 
J 31 t/secr , : 
7. 
=) SLUGS. 
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& CHAPTER 3 = 





$0 FAR, We HAVE 

BEEN WEIGHING 

AND DROPPING Now LET'S “IN ORDER To UNTANGLE 
THINGS. SHOOT Some! HORIZONTAL AND 


VERTICAL MOTION? * 





ha 


THE SIMPLEST PROJECTILE MOTION IS To PROJECT SOME THING 
SIDEWAYS: DRIVING A CAR OFF A CLIFF OR SHOOTING A 
BULLET HORIZONTALLY. THE KEY To UNDERSTANDING 
THIS MOTION IS To REALIZE THAT GRAVITY ACTS ONLY 
VERTICALLY. IT AFFECTs ONLY THE DOWNWARD 
PART OF THE MOTION. 


wwe we we ee 2 | ww ee 
= 
@ 


> FoRCE AND ‘ 
x ACCELERATION J fy Oi 
 £o 


ARE DOWNWARD 





3 


THIS FACT IMMEDIATELY 

ANSWERS A FAMOUS 

QUESTION: IF RINGO 

DRoPS A BULLET AT | 

THE SAME MONENT AS ee ES ee 


1 Sdoor A BULLET ee \N) “1G 
HORIZONTALLY, WHICH 

BULLET HITS THE 

GROUND FIRST? CWE 

START AT THE SAME 

WEIGHT. ) 








THEY REAGt THE GROUND AT THE 
SAME TIME, BECAUSE THEY 
FALL AT THE SAME RATE. 
THE HORIZONTAL Motion HAS NO 
EFFECT ON THE VERTICAL MOTION! 


EXAMPLE» SUPPOSE \ FIRE THE 
BULLET FROM A SHOULDER 
WEIGHT OF 4 FT. THEN THE 
| DISTANCE FALLEN 15 


d=sgt', S0 
| 4ft 2£(32Ft (set) -t* 
}S0 tz Yrset/q = bee. 








ACCELERATION 
AND VELOCITY. 





SAME DOWNWARD - - — > 21 es. 


Now HERE'S ANOTHER 
QUESTION: WHAT 
HAPPENS IF THE 
GUN \S FikeD S 
UPWARD Pr 


AN 
ANGLE 2 


IF THE BULLET'S HORIZONTAL 
SPEED 1S 1000 ft/sec, THEN 
IT GOES Hoo FEET IN 4 sec 









wowwrerrerwe 


o-oo 





= WHICK BRINGS US To 
K THOUGUT- EXPERIMENT - 
CALLED 


INTHE ABSENCE OF GRAWTY, 
THe BULLET WOULD : 
FOLLOW A STRAIGHT LINE J 
FOREVER (NEWTON'S) je® 
FIRST LAW )- WITH in | 
GRANTY, IT FALLS , f 


FROM ; ge I 
THAT STRAIGHT, 
7 — ACCELERDTION 





















h WUNTER RIMS HIS GUN DIRECTLY 
Nr A MONKEY HANGING FROM A-TREE: 


_— 
- 
- ™ oe 
- 





“THE MoNKCY CLEVERLY RELEASES IKS GRIP AT 
THe pyacrd MOMENT THE HUNTER ARES THE GoW. 
\ 


WART HAPRENS* 
08 
- Y 1) 4@ 
i G 
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POOR Mowiceyll IT DOESN'T 
NDERSTAND THE INDEPENDENCE 
OF FALLING AND FORWARD 
Motion! BOT You D9 — 

So You crv SEE THAT 
THE BULLET WILL 

ALWAYS HiT THE MONKeyl 





IN CASE THE BULLET 6066 FAA, 
| THe BULLET AND MOWKey FALL ONLY 
A LITTLE Why. 


EY 


lp THE BULLET IS SLOW, THEY FALL FARTHER, 
BUT THEY STILL BOTH FALL THE SAME 
Pistance d=iLgt* FROM THE SAME 
STRAIGUT LINE. 















. , 7 W WE'RE ON THE MOON, HERE THERE'S Alo 
Sal a NR RESIGTANCE. WATCH As, 1 FIRE BULLETS 


WO ee 
. Ae 

Re 

a3)! 


MOTION DOESN'T BFEFECT THE FALLING RATE— 
 @ 


BUT THE FASTER BULLETS Go FARTHER 
BEFORE PLOWING INTO THE MOON. 
as 
& ® re Se 


¥ .; *, 








| 















aa 








THE GUN 15 4 FEET OFF THE BUT AS THE BULLETS Go FARTHER, 
GROUND. ON EARTH, THE BULLET SOMETHING NEW HAPPENS: THe 
FALLS IN 4+ 5EC., BUT HERE, WHERE = § MOON ISN'T FLAT, IT'S ROUND !/ 


GRAVITY 15 WEAKER, IT TAKES THE GROUND STARTS CURVING 
1.2 SEC. (AS LONG AS THE DOWN UNDER THE BULLET AND 


GROUND IS LEVEL). AWAY FROM IT. 





EVENTUALLY, AS \ FIRE FASTER THE BULLET IS NOW (vA 4-Foor- 

AND FASTER, BY THE TIME THE HOA ORBIT AROUND THE MOON. 

BULLET HAS FALLEN 4 FT, THE IT 1S FALLING CoNTINUALLY, BUT 

GROUND HAS CURVED 4+ FT. DOWN THE GROUND [5 STEADILY 

AND THE BULLET (5 STILL CURVING AWAY BEWEATH IT. 

4. FT. HIGH! BY THE TIME IT 

FALLS ANOTHER 

4 FT., So 
URS THE 

GROUND! 





\ 
‘— 4 FT. 


oT 


OF COURSE, THIS WORKS ONLY WHEN THERE 15 NO Alp 
RESISTANCE (AND No 4-FT-HIGH OBSTACLES!) To SLOW THE 
BULLET, BUT THE EXPERIMENT ILLUSTRATES THE PRINCIPLE 
OF SATELLITE MOTION. FROM EARTH WE LAUNCH SATELLITES 
ABOVE THE ATMOSPHERE WITH ROCKETS, THEN TILT THEM 
OVER ANd Give THEM EWwoucy HORIZONTAL SPEED 50 THAT 
THE EARTH CURVES AWAY FRom THEM AS THEY FALL. 





An 
« w* 








SIMILARLY, OUR NATURAL SATELLITE, THE MOON, FALLS 
CONTINUALLY, BUT ITS FORWARD MoTION CARRIES \T ALono 
50 \T REMAINS THE SAME HEIGHT ABOVE EARTH, CTHE 
MOON'S ORBIT t> CIRCULAR, OR WEARLY So.) 
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NoW LET'S 60 UP 
IN THE SPACE 
SWUUTTLE. AS WE 
REACH ORBITAL 
SPE awo 1 CuT 
OFF THE ENGINGS, 


THE ONLY FORCE 
ON 05 15 
GRANITY, 
AND WE FALL 


TOWARD 
EARTH. 





BUT THE SAME [S TRUE OF THE SHUTTLE ITSELF. ITS 
ALSO FALLING, AND WITH THE SAME ACCELERATION 





SHU TLE'S bug 
ACCELERATION ACCELERATION 


SO THERE 15 NO 

No RELATIVE MOTION 

BETWEEN US AND 

THE SHIP, AYD 
E FLoxe FREELY 


INSIDE, 
WEIGUTLESS I 





IF You RELEASE 
AW APPLE IN THE 
FALLING SHUTTLE, 
IT HANGS IN 
MID-AIR. GIVE IT 


A NUDGE AND IT 
TRAVELS IN A 
STRAIOUT LINE. (tT 
OBEYS NEWTON'S 
FIRST LAW! 








WHENEVER THE ONLY FORCE ON THE CRAFT 1S GRAMTY, 
WHETHER IT'S COASTING UP, FALLING DOWN, oR IN 
ORBIT, OBJECTS INSIDE ARE WEIGHTLESS. 






THE SCALE 


SA ~~ 


WE CAN DUPLICATE THe 
- CFrecT HERE ON EARTH. 


Just STEP INTO THIS 
ELEVATOR, AND VEL 
CUT THE CABLE I 








THUS, ALTHOUGH GRAVITY 
PRODUCES ACCELERATION, 


No ACCELERATION 
FFORGEISS are rect 


WITHIN THE FALLING SYSTEM. 





PROPERTY OF SPACE, RATHER 
THAN OBJECTS. 


_ $CHAPTER Bo 
seTHER ©\RBITS 


(o EAR WE'VE SEEN ONLY CIRCULAR ORBITS: A 
SATELLITE 16 PROJECTED HORIZONTALLY WITH 
JUST ENOUGH SPEED 50 THAT IT FALLS AWAY FROM 
STRMGUT-LINE MOTION To MATCH THE CURVATURE 
OF A CIRCLE. BUT WHAT WOULD HAPPEN IF WE 
PROJECTED IT WITH A DIFFERENT SPEED, OR AT 


ANOTHER ANGLE? 





a WAY To WORK 
QUT THE ORGIT IS 
WITH A TIME - 
HONORED MATHEMATICAL 
TECHNIQUE KNOWN : 
IS “BRUTE 
FORCE." 





THE BRUTE-FORCE METHOP 
STARTS WITH THE GRPNCTAT/ONAL 
FORMULA 

F2. GM | 

Y2 

(Mz MASS OF EARTH, M= MASS 
OF SKTELLITE, Y= DISTANCE 
BETWEEN ‘THEM, G = CONSTANT. ) 
THIS FORMULA GIVES THE FORCE 
ON THE SATELLITE, 40 WE CRN 
COMPUTE ITS ACCELERATION BY 
WEWTOWS SeCoWD LAW 
dL = F/n. THEN WE CAN 
ComPUTE How Mua [TS VBocITYy 
CRANES , OWING To THIS ACCELERATION - 








BUT ALAS — AFTER IT HAS MOVED A LITTLE, 1 IS 

DIFFERENT, $0 THE GRAVITATIONAL FORCE ON THE 

Boby HAS CHANGED! SO WE NEED TO RE-CALCULATE 

Twe ACCELERATION AND NEW VELOCITY FoR THE NEXT 

FEW MOMENTS... AND THEN RECALCULATE AGAIN... 

ol RENN... AND AGAIN... AND AKIN... THOUSANDS oF 
ll 


AT EACH STEP, COMPUTE ~ 
NEw FORCE 
= NEW ACCELERATION 
NEW VELOCITY 


@. 
yf Lf Pe NEW PoSiTion 
9g | NEW FORCE 
@ <= 
@ 


= BTC 


se New ACCELERATION 





(INCIDENTALLY, THIS 
STEP-BY-STEP PROCEDURE 

1S CALLED "NUMERICALLY 
INTEGRATING A DIFFERENTIAL 
EQUATION.” ) 





“VoLY MATA" 
Is MUCK MORE 
DESCRIPTIVE... 





I THERE ARE ONLY TWO BUT WHEN THERE ARE 
BODIES PRESENT, CALCULUS MORE THAN TWO 
ALLowS 5 To DERIVE BODIES, BRUTE Force - 


FORMULAS FOR THESE ORBITS. AND TRE COMPUTER — 
WE FIND THAT TRE ONL4 Pole ARE OUR ONY HOPE! — 
ORBITS IN NEWTONS ORNITY FoR EXAMPLE, THE MOON 
ARE CIRCLE, ELLIPSES FoLLows A CorkSCcRAW 
PARABOLA, AND HYPERBoLAS. «PATH AROUND THE Sun! 





ELLIO TiICAL aq, : 
PLANETARY METRY 
oRGIT 





dist 


FORTUNATELY, 
THE SUN 15 
So MASSNE 
THAT tad 
GRAVIT 
DOMINATES 


~ —-TWE SOLAR 
T's Like -— SusTeM, 
Be heer! > _ ANO 
sr Oslo 





THE FIRST To SHOW ELLIPTICAL ORBITS 

WS (EPLER (isti-1630), wHo F5 
PROVED THAT THE ORBIT OF MARS 

WAS BN ELLI@SE. LATER, NEWTON 
SHOWED HOW ELLIPTICAL ORBITS 

RESULT FROM AW INVERSE- SQUARE 

LAW OF FORCE. 


BRuTE-FORCE MATH IS 
WHAT WE USE To SEND 
OUR SPACE PROBES 
To THE PLANETS. 


 @ 


0 \ 
\ 


ap . =e 
Dro... BUT ELLIRSES ARE ONLY 
y ae RPPROXIMATE , AND 
° 7 \ 
° \ou 





THE EQUATIONS ARE SIMPLE. THEY DESCRIBE THE GENERAL 
KIND OF Motion, BUT THE ACTUAL MOTION DEPENDS ON 
THE INITIAL POSITIONS AND VELOCITIES OF ALL THE 
BODIES. THE SOLAR SYSTEM 15 GOVERNED BY 

f= G Mm. AND Fama, @vT To LAUNCH THAT 
SPACE PROBE, WE NUST Do AW IMMENSE CALCULATION, 





' ; ( —— o~<<\.. 
= 


MUCH oF PRAYSICS 15 LIKE THIS: FIND THE GENERAL 
EQUPTIONS AWD SoLVE THEM FOR THE SPECIFIC CASE 
AT HAND. 15 IT PoSsiBLe, WE WONDER, To DESCRIBE ALL 
THE PAYsics OF THE UNIVERSE WITH A SMALL LIST 


OF EQUATIONS STARTING FROM THE INITIAL CoNpITIoWs 
0 


™ RANG r¢ 


SS 








SO FAR,WE WAVE LOOKED 
AT NEWToN'S FIRST TWO 
LAWS: NOW LET'S 

LOOK BT HIS THIRD LAW. 
\T IS: 


NEWTON'S THIRD LAW: WHEN ONE 
OBJECT EXERTS K FORCE ON A 
SECOND OBIECT, THE SECOND 
OBIECT EXERTS AN EQUAL BUT 
OPPOSITE FORCE OW THE FIRST. 





IN OTHER WORDS, 


ACTION EQUALS 
REACTION. 


FOR EXAMPLE, WHEN 1 Pus ON A WALL, THE WALL 
PUSHES BACK WITH EQUAL FORCE. THE EARTHS 
GRAATATIONAL PULL ON THE MOON E@UALS THE 
Moon's PULL ON THE EARTH. 





THE EARTH'S PULL ON THE MOON KEEPS THE MOON IN 
A (WENRLY) CIRCULAR ORBIT. BUT WHAT Agour THe 
MOON'S PULL ON THE EARTH? 


FORCE on MOON 

RULLS IT AWAY 
FROM STRAIGKT- 
CINE MOTION 





IN FACT, THE MOON PULLING BACK WITH EQUAL FORCE 
DOES Chuse THE EARTH To EXECUTE A SMALL ORBIT! 
THE EARTH MOVES LESS THAN THE MOON —ACCELERATES 
LESS- BECAUSE IT IS MUCH MORE MASSIVE. 


EARTH'S 
(Fz Y ORBIT 
FORCE ON EARTH 
PULLS EARTH 
INTo CURVED 
ORBIT \ 





N 
\ 
) 
J 
, 










EVEN ARTIFICIAL 
SATELLITEs MOVE 
THE EACTH 
SU6uTLYI 








WERE 15 A BOOK ON A 
TABLE. WHAT IS THE 
FORCE OPPOSITE To ThE 
Book's WEIGKT W 2 


THE SUPPORT 
FoRCE FROM THE TABLE: 





THE SECOND Bopy 


a alr Tde Fore W 

The ' the 

EARTH 6 EAR THE ‘ook Ww 
WITH FoRCE W, So THE 


BOOK PULLS UP ON THE 
EWTIRE CARTA WITH EARTH ut 
FORCE W! 


BUT DOESN'T THE TABLE PUSH UP ON THE BOOK? YES, IN 
THIS CASE. THE BOOK IS NOT ACCELERATING, So, By 
NEWTON'S SECOND LAW, THE TOTAL FoRCE ON IT Is ZERO. 
SINCE THE EARTH PULLS DOWN ON THE BOOK, SOMETHING 
ELSE MUST BE PUSHING tT UP—NAMELY THE TABLE, 


bND F=f. BUT THIS . 

IS & SPECIAL Cases 

\e TRE TABLE . = 
WASN'T STRONG 


ENOUGH To SUPPORT FORCES oN 800K 
THE Book, THE 

UP-PUSH WOULD BE 4 

LESS THAN W, AND fr 

THE BOOK WouULD 

BREAK THE TABLE 

AND FALC! nA 





AND AWOTHER EXAMPLE ~ HOW CAN A HORSE PULL A CART, IF 
THE CART PULLS BACK WITH AN EQUAL FORCE 7? To ANALY2E 
THis, WE HAVE To LOOK AT EACH OBNECT ALONE AND THE 
FORCES ACTING OW IT. 









FRICTION 


<= 


WHAT FORCES ACT ON THE CART! THE HORSE PULLS IT FORWMD, 
AND THERE 1S K BACKWARD FORCE FRoM THE GRouND : 
FRICTION. If THE HORSE'S PULL EXCEEDS THE FRICTION, 
THe CART WILL ACCELERATE. 





Ps ~ G 
(| 0 p28 all y YG 









, —_ gt 

— b usd 
: purl oF Car GROUND 
are aa Fs enn 


NOW THE HoRSE: THE CART PULLS IT BACKWARD, By NEWTON'S 
THIRD LAW. WHAT PUSHES THE HORSE FORWARD? IT's THE 
GROUNDI! THE HORSE PUSHES BACKWARD ON THE GROUND, 
$0 THE GROUND PusiieS FORWARD WITH AN EQUAL FORCE. 

IF THE Horse CAN Push BACK ASAINST THe Groywp WITH A 
FORCE GREATER THAN THE CARTS RESISTING FORCE, THEN 
THE HoRSt WILL ACCELERATE ! 


Bi 


YET ANOTHER 
EXAMPLE: A ROCKET 
ENGINE. THE ROCKET 
EXERTS Ak DOWNWARD 
PUSH ON THE 
EXHAUST GASES. 
THE GASES PUSH 
BACK, 84 NEWTONS 
THIRD LAW: 

IF THIS YPWARD 
THRUST EXCEEDS 
THE WEIGHT OF 

Tre VEHICLE , 

VP WE Go! 




















THRUST 


WEIGHT 
RockKET 


AR 
FRICTION 





NOTE: IT 15 NOT NECESSARY 

FOR THE ESCAVING GASES To 

PUSH AGRINGT Al. WW FACT, 

MIR Just ACTS AS A FRICTIONAC =~ 
DEAG ON THE ROCKET. 





52 


¢ CHAPTER 7° 
MORE ABOUT 
FORCES 


EWTON'S LAWS CAN BE THOUGHT oF 
wr eer Me M hecRiBING WHAT FORCES Do: 


PLENTY OF 
YENTON-~ ‘le WITHOUT ANY FORCES, OBJECTS 
MNNTNN CONSTANT VELOCITY. 


A FORCE PRODUCES AN ACCELERATION 
PROPORTIONAL To THE FORCE (AND 
INVERSELY PROVORTIONAL To THE 
MASS.) 


2 OBJECTS EXERT EQUAL BOT 
OPPOSITE FORCES ON EAC 
OTHER. 





FORCE 1S A "VECTOR QUANTITY." LikE VELOCITY AND ACCELERATION, 
\T WAS NOT ONLY A MAGNITUDE BuT ALSO A DIRECTION. IN 
THIS PICTURE, FORCES PULL IN JEVERAL DIFFERENT DIRECTIONS. 





BUT IN THIS CASE, THE SUM 
OF ALL THE FoRCcES, THE 
NET FORCE, |S ZERO, 
BECAUSE THE MASS \S NOT 
ACCELERATING. (NEWTON'S 
SECOND LAW AGA\N!) 





CONSIOER THE 
FORCES ON A 
SKIER MOVING 
DowN A WILL 

AT CONSTANT 
SPECD. THERE ARE 
HER WEIGHT, THE 
SUPPORT OF 
THE GROUND, 
AND TRE 

FORCE OF 


FRICTION. 6UT 
AGAIN, THE 
TOTAL Fone 
MUST BE 

ZERO. 


WEIGHT 





NOW IMAGINE A TUG OF WAR IN WHICH EACH TEAM PULLS 
WITH A FORCE OF 980 NEWTONS. WHAT IS THE TENSION 
IN THE ROPE? ‘5S (IT 2x 580 = 1960 NEWTONS ? 





THE TENSION [5 DEFINED AS THE VALUE A SPRING SCALE Woylp 
READ IF THE ROPE WERE CUT ANDTHE SCALE INSERTED: 





“Jou MIGHT WANT To : THE MASS PULLS DOWN ON THE 
COMPARE THIS SITUATION => SCALE WITH A FORCE OF 

TO WEIGHING A 100-kg =? 989 NEWTONS, 50 THE SCALE 
MASS WITH A SPRING =: pyres UP ON THE MASS WITH 


SCALE. THE Mkos HAS A$ THE SAME FORCE. THEN THE 
WEIGHT OF BO NEWTONS =: ScALE ALSO PULLS DOWN ON 
(-mq). > THE CEILING, AND THE CEILING 


PULLS BACK wit 980 NEWToVs 
* Force! 


es 
CEILiwo 






FoRCes 

OW THE 

SCALE! 
980N 
FROM 
MASS 





IN EFFECT, THE STRING 
TRANSMITS TKE 
FORCE FROM THE 
MASS THROUGK THE 


SCALE To THE CEILING. 


THE MASS AND THE 
STRING PULL ON EAcH 
OTHER EQUALLY, BY 
NEWTON'S THIRD LAW, 
AND THE TENSION ON 
THE STRING -THE SCALE 
READING—IS 980 
NENTONS.. 





IF You TEV 

ONE END OF 

THE ROPE To 

A PoST, AND 
Bote TEAMS 
PULLED TOGETHER, 
THEN THE 
TENSION WOULD 
BE DouRcLEp! 


DOES THIS CONVINCE You THAT THE TENSION IN THE TUG-OF-WAR 
Rove 15 ALSO 980 NANTON? “THE RoPE TRANSMITS THE 
FORCE FROM OWE TEAM To THE OTHER. 





FORCES 
ON THE 
STRING : 

























ONG FORCE THAT WE ENCOUNTER 
EVERY DM IS FRICTION. IF 
You Pus bh BooK ACROSS THE 
TABLE , You FIND THAT FRICTION 
RESISTS, WHATEVER DIRECT(ON 
y YOU PUSH. IF You START PUSHING 
GENTLY, You'cL FIND THAT THE 
FRICTION FORCE IS VARIABLE- 









IT RESISTS To A 
POINT, AND THEN 
BREAKS FREE! 


eageese = : ies 
a 
Va . 


i 
i= 


NY 


CAN You FEEL THAT FRICTION DECREASES SLIGKTLY AS THE 
BooK STARTS To MOVE? WE SMM THAT THE (TATIC FRictioW, 
WHEN THE SURFACES ARE STATIONARY, VARIES YP To h MAXIMUM 
VALUE. THE KINETIC FRICTION, WHEN THEY ARE MOVING, 15 
LESS THAN THE MAXIMUM STATIC FRICTOON. THAT'S WHY A 


SKIDDING CAR TAKES LONGER TO STOP THAN OWE WHOSE 
WHEELS ARE ROLLING. 





SKIDDING TIRE SLOWED ROTATING TIRES POINT oF 

BY KINETIC FRICTION CONTACT iS MOMENTARILY 
STATIONARY (1) 50 THE TIRE 
1S SLOWED By STATIC FRICTioW. 


?7 


ANOTHER EXAMPLE OF FRICTION 
Seis coat IS MR FRICTION. 





You CAN FEEL 





AN EXCITING WAY To EXPERIENCE AIR FRICTION 
1S TO G0 SKYDIVING. WHEN You FIRST JUMP, 
THE ONLY FORCE ON You 15 GRANITY, AND 

You ACCELERATE AT A RATE OF G. 


NS YOu PICK UP SPEED, AIR 
FRICTION INCREASES, ANp 
GY Your ACCELERATION SLOWS. 


w 


EVENTUALLY, AT 100-150 mek, 
THE AIR FRICTION EQUALS Your 
WEIGHT, AND YOUR SPEED 
INCREASES NO FURTHER. WE 
CALL THIS NATVRAL SPEED LIMIT 


JR TERAUNAL 


WeLociry. 
NIE FRICTION ALSO DEPENDS ON THE XK 
AREA “FRONTING THE WIND," WHICH 






Frichon 





friction 





be IS WHY A PARACHUTE CAN SLOW Sh 

fez: YOUR “TERMINAL VELOCITY To B 

YEE ¢ 25 MPH OR 50. . 
V0 47° 
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SOME FORCES 


mr \ 


THERE ARE ONLY TWO 
REAL FORCES ON THE 
BALL: GRAVITY, WHICH 
PULLS DOWNWARD WITH 
MAGNITUDE mg, AND 
THE TENSION T ow THE 
STRING. WHEN Rinbo 
KCELERATES, THE 
TOTAL OF THESE Two 
MusST POINT FORWARD 
WITH MAGNITUDE 
md, By NEWTON'S 
CELOND LAW — $0 THE 
STRING MuST HANG 
br AN ANGLE- 


BUT THERE (5 NOTHING 





DOING THE PUSHING. THE 
“FORCE’ 14 FicTiTIoUs , 


EFFECT OF INERT 
RESISTING INE RTA 
ACCELERATION - 


i | ny! Tal ae 
MYRTLE OTE 10 ic ! hee 











RECALL THE ACCELEROMETER BALL WE 
HUNG FROM RING'S Rott BAR? (T HANGS 
ee WHEN HE ACCELERATES. BUT - 


‘ Gp OMe hf OTA 
Ae 


BUT RINGO, IN THE CAR, 
IMAGINGS A STRANGE 
"ACCELERATION FORCE © 

PUSUNG EVERYTHING 
BACKWARDS ! 


ae THE eae MS AND BACK-AND- FORTH 

EL Wwe ORWING ARE 
andi gig THE RESULT OF YOUR INERTIA 
RESISTING "NCCELERATION . 


WHEN | SWING A BALL 
ON A STRING, AROUND 
My READ, MANY PEOPLE 
WOULD SAY THAT 
“CENTRIFUGAL FORCE” 
KEEPS THE STRING 


TAUT. BUT THERE 15 
ACTUALLY NO FORCE 
PULLING THE BALL OvT: 
THERE 19 NOTHING Our 
THERE PULLING THE 
BALL! 





"CENTRIFUGAL FORCE” Is 
FICTITIOUS ! The ony 
FORCE PULLING ON THE BALL 
IS THAT OF TRE STRING, 
PULLING TOWARD THE CENTER 
OF TRE CIRCLE -—A 
CENTRIPETAL rorce. 
THIS FORCE I$ NON-ZERO, 
So THE BALL AUST 
BE ACCELERATING. 















AND INDEED IT ASI IT 16 ACCELERATING 
TowhROS THE CENTER OF THE CIRCLE, AS 
ALL OBJECTS IN CIRCULAR MOTION DO- 

WHAT KEEPS TRE STRING TAUT? THe Barr's 
INERTIA. THIS INERTIA WouLp MAke IT 
FLY TANGENTIALLY AWAY, BUT THE Stein 
PULLS TT CONTINUALLY INWARD — JUST LIKE The 
EARTH PULLUNG THE MOON IN & CIRCULAR ORBIT. 
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Aw AMUSEMENT 
PARK OFFERS 
SEVERAL FICTITIOUS 
FORCES. LOOK AT 


We (ROTOR: 


PEOPLE ENTER A 
CYLINDER, WHICH 
ROTATES, PRESSING 
THEM AGAINST 

THE WALL —THEN 
THE FLOOR 

DROPS AWAY, 
LEAVING Them 
PINNED To 

THE WALL! 





THE PEOPLE \NSIDE THE RoToR FEEL 
THE FICTITIOUS CENTRIFUGAL 
FORCE PUSHING THEM OUTWARD. 
BUT OUTSIDE OBSERVERS KNOW 
THERE 15 ONLY A CENTRIPETAL 
FORCE FROM THE WALL, PUSHING 
THE RIDERS INWARD INTO 
CIRCULAR MOTION. 

















Es A SS wu 4 


ARPT IN AN ACCELERATING 
PETER FICTITIOUS FORCES 
COR SNE APPEAR. & NON- 

Na Ses ae ACCELERATING OBSERVER 


Ae Pee YS 
c \ 
ma Fey SL 


CAN DESCRIBE THE 
MOTION With REAL : 
FORCES AND NEWTON S 
Lpws. 


él 


WE SEE SUCH A VARIETY OF FORCES, THAT It MAY SEEM HOPELESS 
JO TRY AND ORGANIZE THEM. NEVERTHELESS, PHYZICISTS HAVE 
BEEN M8LE To SHOW THAT A\TUIL THE KNOWN EFFECTS V 


THE UNWWERSE ARE THE RESULT OF THESE 


4, RASIC [FORCES 





Ree 







ELECTROMAGNETISM CTHE 
ATTRACTION & REPucSioWy OF 
ELECTRICALLY CHARGED BODIES) : 





THE STRONG FORCE HOLDING THE 
KTOMIC NUCLEVS TOGETHER : 





BY THE WAY, THE ONLY ONE OF THE BASIC FORCES You've Ever FELT Is 
ELECTROMAGNETISM! =WHEN You PUSH THE WRLL CAND \T 
“PUSHES BACK) YOU'RE FEELING ELECTRIC REPULSION BETWEEN 
ATOMS. You WAVE NEVER FELT GRAVITY —ONLY THE 
aaNe FORCES OF THE FLOOR TWAT SUPPORT YOU ROKINGT 





THe “CENTRIFUGAL FoRCE “ 
RESEMBLES GRAVITY IN Tah 
IT PRODUCES ACCELERATIONS 
INDECENDENT oF TRE 
MASSES INVOLVED. THATS 
WHY WE CAN SIMULATE 
GRNITY WITH THIS BIG 
CENTRIFUGE USED IN 
KSTRONNUT TRAINING 





Someney, WE MAY BVEN GUILD 
A RoTATING SPACE STATION 
Witt THE "CENTRIFUGAL 
FORCE" PROVIDING AN 
ARTIFICIAL GRAVITY. 





(CHAPTER 8° 


ONENTOM ae (MEULGE 


LET'S 60 BACK 10 
NEWTON'S SECOND LAW e es 
RCELERITON 16. TU FORCE ; 

N IS THE . 
RATE OF Cuonce of MASS x (time rate of 


WeChn eeue’ — Change of velocity) 


THE EQuRTION As: _ 
: d ig 
or KoA 





BUT NEWTON BELIEVED TKE CORRECT EQUATION SHOULD BE : 


FORCE = 
time rate of change of (mass x velocity) . 






C4 22a A 
an = - ad mY N 
- U = Tas ye \ 
cy p< 
ar i. 
SME TK Goon >. ~~ 
rt bys SOK HOS ERR 
) 
I ke LOOK TIS 


wx Se 
: AL c\ CSA 


—_ 


WHICH (S$ THE SAME ONLY Ie MASS DOESN'T CHANGE ! 
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WE CALL THE QUANTITY 

MAS5 ¥ VELOCITY THE HOW MuCH 
MOME NTUM 0 Jo KAVE-UM 

THE EQUATION Sh4S THAT : 


FORCE DEPENDS ON THE RATE . . 
OF CHANGE OF MOMENTUM. . 
oF 


AN OBJECT WITH SMALL 

MAS BND MODERATE SPEED, (EM. VEEE) 
LIKE & RON se BABY oon 
CARRIAGE, HAS ONL wy, 
MODERATE MOMENTUM. 

\T DOEGN'T REQUIRE MUC 
FORCE To CHANGE ITS 
MOMENTUM TO ZERO 
(1.6. To Sto? tT). 





A RUNAWAY MACK TRUCK, 
ON THE OTHER HAND... 


qi 










HAS ROVOULY THe 
MOMENTUM OF A 
BABY CARRIAGE 
GOING A MILLION 
MIL AN HOUR! 









LET'S THINK FOR A MOMENT ABouT 
THE PERIOD OF TIME IT TAKES 
To SLOW THE TRUCK Tb ZERO. 
OUR EQUATION \5 + 


=| N FORCE » RATE OF CHANGE OF 
ssh MOMENTUM 


OR 
\} me TIME 
é oR 
oD. 


FORCE x TIME = See (N 


~_B 
MEN TUM 


You i = = omni TRUCK 
WITH YOUR RELATIVELY PUNY FoRCE— 
IF You EXERT It OVER A Bp, so Down 
LONG PERIOD OF “TIME. WU f flae Dou 


WE CALL THE QuANTITY 
FORCE x TIME THE 


IMPULSE 





oo. IMPULSE = CHANGE oF MOMENTUM. 
A SMALL FORCE OVER A LONG PERIOD OF TIME 
CAW PRopuceE THE SAME CHANGE IN MOMENTUM 
AS A LARGE Force OVER A ShoeT PERIOD 
OF TIME. 
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USUALLY WE THINK OF 
IMPULSE AS A LARGE 
| FORCE ACTING OVER A 
SHORT TIME, LIKE A 
BAT HITTING A BALL- 


a - ia 
re eh ate 
. 





THE BATTERS JoB [¢ To 
CHANGE THE BALL'S 
MOMENTUM FROM MEDIUM 
IN ONE DIRECTION To 
HIGU IN THE OPPOSITE 
DIRECTION. SINCE THE 
BAT MEETS THE BALL 
FOR ONLY hk SPLIT 
SECOND, THE Force 
MUST BE VERY LARGE. 









Ger ME 
STEROIDS: 


OMETIMES WE WANT 

TO MIN(IMIZE THE 

FORCE NEEDED To 
CHANGE MOMENTUM. A 
SKupiveR, EVEN WITH A 
PARACHUTE, STILL HITS 
THE GROUND “WITR 
MODERATE MOMENTUM. 





WF SWE LANDS WITH 
KNEES LOCKED, AER 
MOMENTUM DROPS 
To ZERO SUDDENLY. 
SuE FEELS WUGE 
FORCES [N HER 
Leos! ow! 


BETTER To DO IT WITH KNEES 
BENT, ROLLING To PROLONG THE 
TIME OF [MCACT, 
RAUCING THE 
FORCES. 


& 





we 
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CONS ERTALION oF" 
MOMENTOM 


Let's Look For A 
M\WUTE AT COLLISIONS 


AND EXPLOSIONS. @y _ _ 
THIS WE ." yo Sc 
SITUATION WHERE 

THINGS ARE COMING COLLISION ABOUT To HAPPEN 


TOLETHER oR 
FLYING KPART. | = 











EXeLoSion AVouT 
To HAPPEN 


FoR EXAMPLE, CONSIDER SHOOTING A GUN. THIS IS AN EXPLOSION, 
IN THE GENERAL SENSE “THAT THE BULLET GOES ONE WAY AND THe 
GUN RECOILS THE OTHER. SuPPOSE, FOR THE SAKE OF SIMPLIFYING 
THE ARGUMENT, THAT THE BULLET [5 EJECTED BY MEANS OF A 
SPRING : 


Sie m co ——S cc. 
SMALL Vv ’ 


WHEN “THE SPRING 1S RELEASED, IT EXERTS A FoRCE Of THE BULLET. 
BY NEWTON'S THIRD LAW, THE BULLET EXERTS AN EQUAL BUT 
OPPOSITE FORCE ON THE SPRING /GUN SYSTEM. THESE Forces 
PRODUCE EQUAL BUT OPPOCITE CHANGES |X MOMENTUM. SINCE THe 
GUN IS MORE MASSIVE THAN THE BULLET, 17 RECOILS AT A 
VELOC'TY MUCH SMALLER THAN THE BULLETS VELOCITY, 
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IN THIS CASG, THERE 
WAS NO NET CHANGE IN 
MOMENTUM. \e THE GUN 
AND BULLET WERE INTIALY 
hr REST, THE MOMENTUM 
WhS ZERO RT FIRST. 


INCE THE SPRING RELEASE 
DID NoT CHANGE THE 
TOTAL MOMENTUM , THE 
FINAL MOMENTUM 16 Vigan Viullet 
MLSO 2ERO* THE BULLET 
ToTAL WOMENTOM IS THE 


AND ee aa SAME BEFORE AND AFTER FIICING 






















MOMENTUM) / MOMENTUM 
VARIES {ig WoT THE 
STOCK MARKET? 


50, THEN — 
MOMENTUM 
DOESN'T CHANGE * 






MOMENTUM > 
\S FOREVER . 
















i Two 
THINGS ARE 
CERTAIN — DEATH 
AND MOMENTUM? 


AFTER A LITTLE DISCUSSION, SCIENTISTS 
FOUND Bh PROPERLY SCIENTIAC WAY To 
Sh4 “MOMENTUM DOESN'T CHANGE." 


MOMENTUM 1S 2. 
@NSEAVID. 27 


oF 








CONSERVATION OF MOMENTUM 15 A CONSEQUENCE OF NEWToN'S 
THIRD LAW. CONSIDER A FLYING PROJECTILE THAT EXPLODES 
INTO SEVERAL PIECES, LIKE THIS MULTIPLE-WARHEAD MISSILE : 


\\ 5 . Vo GC 
A eT RE oo 
1. ‘ Co 
«) 

THE Forces BETWEEN THE Pieces we CALL INTERNAL forces. 
(THERE MAY ALSO BE EXTERNAL FORCES, SUCH AS GRAVITY, ) 
BY NEWTON'S THIRD LAW, THE INTERNAL FORCES ACT IN EQUAL 
BUT OPPOSITE PAIRS. ANY FORCE ON ONE PIECE 1% OFFSET By 
AN EQUAL AND OPPOSITE FORCE ON ANOTHER PIECE. 


A A 
S&S %Yv THESE FORCES 
oo VE. KOT 
— OJ de)...) Qs C\ SA ZERb . = 
Q SA 
S 


THEREFORE, THE INTERNAL FORCES CAN PRODUCE NO NET 


CHANGE ~ MOMENTUM, EXPLOSIONS 


CONSERVE MOMENTUM. 
WARSI 
=—(LLSLeP dea 


THE SAME ARGUMENT HOLDS FOR COLLISIONS, WHICH MIGHT 
BE CALLED EXPLOSIONS IN REVERSE. 


70 


WE USED A ROCKET TO ILLUSTRATE NEWTON'S THirD LAW, AND I(T 
AL95O ILLUSTRATES CONSERVATION OF MOMENTUM. To ACCELERATE 
IN SPACE, You MUST EJECT SOMETHING THE OTHER WAY — 
NAMELY, THE EXHAUST GASES. \F IM SPACEWALKING, AND NY 
PROPELLANT CUSTEMS FAIL, HOW CAN | GET BACK? By TRROWNG 
SOMETHING, SM ONE CF MY TOOLS, IN THE OPPOSITE DIRECTION. 





\NILL THE FAN BLOWING 
ON THE SAIL MONG 
THIS ShILGOAT? No! 
(WOT UNLESS SOME OF 
THE WIND FRom THE 
FAN MISSES THE SAIC, 
OR BOUNCES ofr IT 
OUT THE OTHER why.) 





SoMETHING MuST Move Away ae THE SAILBOAT OWE 3 FOR 
IT TO BE PUSHED THE OTHER WKY 


ZI 


MOMENTUM CONSERVATION WAS FIRST DERWWED FRoM 
NEWTON'S Thiep LAW. BUT WE HAVE CoME To BELIw=e 
THAT CONSERVATION OF MOMENTUM |S THE MORE 
FUNDAMENTAL LAW, AND NEWTON'S LAW 1S A ConSEqUENG 
OF IT. IN ANY CLOSED SYSTEM , By DEFINITION, THERE 
ARE NO EXTERNAL FORCES, 40 MOMENTUM [5 
CONSERVED. 





TAERE ARE O8m005LY ND 
EXTERNAL FORCES oW THE 


UNIVERSE " THUS, ThE 
7 
'S CONSTANT - 
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THIS (5 TRUE OF THE SS 
UNIVERSE AS A wHoLe. 


CHAPTER © o 


ENERGY 


ISARC_NEWTON ALMOST 
SINGLE-HANDEDLY INVENTED 
THE SCIENCE OF MECHANICS, 
BUT THERE 15 ONG CONCEPT 
HE MISSED: ENERGY. 





73 


ENERGY COMES IN 
MANY FORMS, BUT 
THE BASIC DEFINITION 
IS IN TERMS OF 





WE ALC HAVE A CONCEPT OF WORK, BUT IN VH4SIC5, THE 
DEFINITION 15 VERY PRECISE: WE SKY THAT WORK (56 pope 
WHEN A force F MOVES & Boy THROVOK A DISTANCE d. 


WORK 1S DEFINED AS FORCE TIMES DISTANCE. 


\TS ALMOST 





We Fed 


IN THIS DEANITION, 
ONLY THE FORCE IN THe 
DIRECTION OF MOTION 
CoUNTS. IE { PULL A 
WAGON AT AN ANGLE, 





ONLY THE HOR(ZONTAL FW = work DONE IN 
PART OF THE PULL a Too d 
DOES ANY WORK. "> F, H°O. 


T4 


WHEN A WAITRESS 








CARRIES A TRAY 
KROUND, HER 
SuPPORT FORCE DOG 
No WoRK, 
BECAUSE IT 
PEPPENDICULA(L 
To THE 
MOTION . 
V7 Nias — 
* ¢ 
\F | WAIZL 
h BALLON A 
STRING AT 
COSTANT SPER, MEAID 
No WoRK Is PONE. THE [hwACD Vv 
FORCE (5 ALWhs PERPEND ICULA(L To — 


We CTANGENTUL) VeLodiry OF  TKE 
BAL. (BLT \ DO HAVE To Do 
SOME WORK To SET IT WHIRLING 

IN THE HRST PLACE.) 





THIS SHONS, INCIDENTALLY, 
THAT, INSOFAR AS THE 
MOON'S ORBIT (S CIRCULAR, 
THE EARTU DOES NO WORK 
os ON THE MOON!] THe | 
LITTLE oR’! GRAVITATIONAL FORCE {5 

PERPENDICULAR To THE 
MOTION. 





CINE @ Y 15 DEFINED AS THE CAPACITY 


TO DO WORK. THE RELEASE OF ENERGY DO VORK — 
AND Do\ING WORK ON ZOMETHING APDS ENERGY To IT, 
60 ~ ENERGY ANV WORK ARE ACTUALLY EQUIVALENT 
CONCEPTS, ANU WE WRITE ° 














IN THE ENGLISR 
4YFIEM, THE UNIT 
OF ENERGY 15 THE 
FOOT -POUND 
(FEET x POUNDS », 
AND INTHE METRIC 
SYSTEM IT'S THE 


NEWTON: METER, 


WHICH 12 ALO CALLED 


Te JOULE. 


50: ONE JouLE = THE ABILITY To EXERT A FORCE oF 
ONE NEWTON OVER A DISTANCE OF ONE METER. 


You TELL 6M ABOUT THE 
JOULE — I'm GOING To TRY 
FOUNDING FSET... 






















os 


Kb 


se inh 
YY 
A Weegee Ie 


lt 


KINETIC & PoTENTIAl. ENERGY 


SUPPOSE \ THROW h BALL. 
| Do WORK GETTING THE 
BALL MoVING: | EXERT A 
FORCE f& OVER A DISTANCE 
d. THE BNL THen KAS 
ACQUIRED SOME ENERGY, 
Tue ENERCH OF MOTION, oR 
ENERGY - 


hb SIMPLE MATHEMATICAL 
DERIVATION* 4HoWws THT 


KE. = +mv? 


WERE M IS THE BALL'S MASS, AND V IS ITS VELOC\TY. 








OW THE OTHER HAND, SUPPOSE 
{ LIFT RINGO To A WEIGHT hh. 
AS | EXERT A Force W = 
RINGO'S WEIGHT OVER A 
DISTANCE hh, | DO WoRK 


W-h = mah. RiNco wr 
MoVING AT THe END, BUT HE 
STILL KAS AN Appep ENERGY 


OF mah, JUST BECAUSE OF . 
WHERE HE IS In THE ERQTHS 
GRAVITATIONPL FIELD. TIS 
ENERGY IS CALLED KIS 


POTENIUAS EE 





% ASSUME F CONSTANT. Fema, So KE>Fd=mad. But d-bat* so 
KE= Fm(at)*. BUT Veat, So KE =Smv™. 
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POTENTIAL ENERGY 
I> POTENTIAL 
BECAUSE IT CAN 
BE GOTTEN 

BACK AS "REAL" 


KINETIC ENERGY. 
ALL I HAVE To 
Do iS LET 
RINGO FALL! 





AS WE FALLS FASTER AND FASTER, His POTENTIAL ENERGY 
5 GRADUALLY CONVERTED INTO KINETIC ENERGY. AT THE 
BOTTOM, JUST BEFORE IMPACT, HIS POTENTIAL ENERGY [5 

ZERO, AND HIS ORIGINAL PoTENTIAL ENERGY HAS BEGME 

ENTIRELY KiNETIC. THAT IS, 





FROM THIS You CAN SoLVE FOR Vv, HIS VELOCITY UPON 
IMPACT. V=V29h 






“ay 4 
ae 
ry 


Poe 7] es 
MMA O44 ) 
= FZZ ae 





THIS LAST aw smv? = mal IS AN EXAMPLE OF 


& CONSERVATION ct ENERGY. %, 
W fy AS THE CONCEPT OF ENERGY Whs 


DEVELOPED, PHYSICISTS GRADUALLY 
REALIZEp THAT ENERGY, Like 
MOMENTUM, 15 CONSERUED. 





(THE CONFUSING PART WAS THAT ENERGY, UNLIKE MOMENTUM , 
NPPEARS IN MANY DISGUISES, 4UCK AS HEAT, AS WE'LL See. ) 














HERE'S AN APPLICATION OF ENEROY CONSERVATION. IF VY, 1S THE 
INITIAL SPEED OF THIS ROLLER COASTER, WE CAN CoMpuTe 
; \TS SPEED AT ANY POINT, JUST FROM KNOWING 
On Non, HOW FAR IT HAS DESCENDep! LET h BE 
x THE DISTANCE DESCENDED, AND V, ITS FINAL 
VELOUTY. THEN. 


h 


\" 







PPO eee eee mM eee tees oe eerste eeser FSP ons pet Buen se coe Dono Bg oe SEP Poe eEeonD 


INTIAL ENERGY = Lmy24 mg: LMmVe = 5MWVo +mgh , 5 


FINAL ENERGY = 1 yny.2 
V.= VV, + 2gh 


THESE ARE EQUAL, "By 
CONSERVATION OF ENERGY. 












CONSERVATION OF ENER(Y TELLS US THAT THE TOTAL ENERGY 
OF THE SYSTEM DOES NOT CHANGE — BUT THE ENERGY MAY 


BE CONVERTED INTo OTHER 

FORMS . WHAT HAPPENS 1% Lene 
RINGO'S ENERGY WHEN HE 

HITS THE FLOOR. NOW 

BOTA THE KINETIC AND 

POTENTIAL ENERGIE a iia 
hRE Gone! — 7 


LET'S LOOK AT THE |MPACT ITSELF. SOME OF THE ENERGY Is 
CONVERTED INTO SYoYOTN[o)o SoME GOK INTO DISToORTING 
THE FLOOR —AND pistoRTING RINGO, FOR THAT MATTER. 
AND SoME, EVEN Most, Goes INTo [AV aar. RIN6O AND 
THE FLOOR ARe BOTH A LITTLE WARMER AFTER THE 
COLLISION. THE IMPACT SIGGLES THEIR MOLECULE — AUD 


HEAT |S NOTHING BUT THE KINETIC ENERGY OF BILLIONS 
OF MOLECULES llr 


ans = f * 



















| I 





HEAT 
y I a 
Qh Hy 
VR 
x <A NS mi My ies 


NDZ ee 





VARIOUS FORMS OF ENEROY 
CHDNGE INTO EACH OTHER 
CONSTANTLY. IN THE SCIENCE 


WATIKLEE MONA AIICS 


WE LEARN THAT IT [5 EASY 


To CONVERT KINETIC ENERGY 
[NTo WEAT, But MUCH HARDER 
To ConveRT WEAT INTO 
KINETIC ENERGY. 


= 
DEVICE FOR CONVERTING 
KEPT [NTO MOVEMENT 





CAR ENGINES CONVERT 
HEAT INTo MOVEMENT, 
BUT NOV EFRCIENTLY - 
YOUR CAR WEEDS A 

CoOLING SYSTEM, AND 
uc MEAT ESC APES - 
BUT ENERGY 15 ALWKYS CONSERVED — IN OTHER WORDS : 





GOING = + 
IN HEAT COMING OUT 







om 


SPP LLELD 
»( YER 





WHEN | LIFT RINGO, | It’s MUSCULAR ENERGY, 

PUT ENERGY INTO Him: | | WHICH IN TURN 15 

WHERE Dip THAT ENERGY | | RELEASED CHEMICAL 
ENERGY CAUSED BY FOOD 
oMele tN MY Bopy. 


CHEMICAL ENERGY IS A 
FORM OF POTENTIAL 

ENERGY, OWING To THE 
POSITIONS or ELECTRONS 
IN MOLECULES’ ELECTRICAL 
FIELDS . 








es ‘ 
it 


















THE PLANT CONVERTED 
THE RADIANT ENERGY OF 
SUNLIGHT INTO CHEMICAL 
ENERCY Vik PHOTOS4N- 

THESS . 


THE CHEMICAL ENERGY 
CAME FROM A PLANT 
THAT | ATE.C'm A 
VEGETARIAN. ) 


THE SUNLIGHT CAME 
FROM NUCLEAR FUSION 
IN THE Sun. 








AND THE Suw’S HYDROGEN 
NUCLE( WERE CREATED 
FROM THE ENERGY OF 
THE CREATION EVENT OF 
THE UNWERSE, THE 


Pe RANG. 


EVEN THE ENERGY MovING 
THE CARTOONIST'S PEN 

Kio WAY TO THE 
Bio BANG I 
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CHAPTER 10° 


COLLISIONS 





COLLISIONS PROVIDE GOOD ILLUSTRATIONS OF THE CONSERVATION 
OF MOMENTUM AND ENERGY. LET'S START 84 LETTING 
SOME THINGS COLLIDE WITH THE GROUND. I'LL DROP SOME 
BALLS MDE OF VARIOUS MATERIALS, AND SEE HOW HIGH 
THEY BOUNCE. AS YoU CAN SEE, SomE BOUNCE HIGHER 
THAN OTHERS. 


7 
-— gma = ee oe oe eo) ew Se? ww we oe ae ew 
Rey 
-_ on oe 
Pa ae am on oe ~—m om ma ew ewe eee ee 
- 


: 
4 
~e™, 
- 





WET EE UBRER SILLY 
nse Woop STEEL R ee 


A bh . BOUNCES BACK To THE ORIGINAL HEIGHT, WE 
TIS 


TOTALLY eg 


ELMS 





— tae 


COLLISIONS RANGE FROM 

TOTALLY ELASTIC TO 

TOTALLY INELASTIC. IN 

hk TOTALLY INELASTIC 

COLLISION, THE BALL m 

OoESN'T BOUNCE BKK _-prAT 

AT ALL, LIKE THE ee 
OTALL MILDLY = TOTALL 

og a ee neeae LAGE BuaSne 


IN A TOTALLY ELASTIC COLLISION, NO KINETIC ENERGY 15 Lost 
AS HEAT ON IMPACT. THE UPWARD SPEep METER THE BOUNCE 
16 THE SAME AS THE DOWNWARD SPEED JUST BEFORE. IN AN 


INELASTIC COLLISION, 


\ 

| AV SoME OR ALL OF 

t THE OBECTS 

! ! $f KINETIC. ENERGY 
eo Vy 00 19 LOST. 
yt «+t 4 
ELASTIC INELASTIC PARTIALLY 

INELASTIC 


You MOT THIN THAT 
No REAL OBJECTS ARE 
hBSoLUTELY ELASTIC, 
QT COLLISIONS BET WEEN 
MTOMS CAN BE. SINCE 
HEAT (5 THE KANDOM 


KINETIC ENERGY OF MANY 
ATOMS, WERT DOES NOT 
EXiGr AT THE LEVEL 

OF ONE OR TWO ATOMS! 
















WERE 15 A TOTALLY INELASTIC COLLISION. A LoADeD 
FREIGHT CAR, MpeS 100,000 kq, ROLLS AT 3 m/Sec 
INTO A STATIONARY CAR OF MASS 50,000 Kg. WHEN 


THEY Hit, THE COUPLER ENGAGE. (THIS MAKES IT 
\NELAST(C.) THEN WHAT UPPPEN 9 


~ 
= 


S 


100,000 ke q 
3 m/sec ’ HOT 


i4i feo is Ui tt i a a 








He | 


6 etter 





HOLUTION: WE WANT To AND THE VELOCITY OF THE 
COUPLED CARS. CALL IT Yy. THeN: 


nitiac MOMENTUM = 100,000 kox 3 m/sec 
[SINAL MOMENTUM = 150,000 K6 x V 


SINCE MOMENTUM |S CONSERVED, THESE TWO ARE GQUAL: 


\50,000k6-v = 300,000 M-Ko/egc. 
50° 
vel Mee. 





WERE'S A 2- DIMENSIONAL , I Wisn P 
EXAMPLE: AN 80- KG O) WAS ElLAcric... 
FOOTBALL PLAYER GOING 3 

NORTH AT 3 MIS 16 TACKLED 4 

BY A 100-KO PLINER GOING 


East bt 2 M/SEC. — pA “i Y 
AFTER TRE |MPACT, WWHIGs Ura 
WAY ARE THEY GOING, 

KND HOW FAST 2 





LET'S VIEW IT oe 
FROM ABOVE « Ie EASTWARD MomeNTUM= 200 ‘x 


: M-K6 
NORTHWARD MOMENTUM > wo TS 


KG 
[el f TOTAL MkSS = 180 k4 


M/SEC 3 u/sec a EA 200 
| L ST- co | a| M SE 
WhED VELodTy {gO a 
ie, | FINML NORTH: - 240 1.33 misec 


WARD VELOUITY ~ “Tgo 





THE FINKL DIRECTION 15 * THE LENGTH OF THIS ARROW 16 
THE VECTOR SUM: . THE FINDL SPEED - 


V, = afi +(133) 


1 mise 





THIS “EXECUTIVE ToY¥" OF 
HANGING BALLS ILLUSTRATES 
DN ELASTIC COLLISION : 









... AND ONE BALL FLIES OFF! 


seedy oO 


TEN 
BINIX 


KINETIC ENERGY 15 CONSERVED, 
LO THE COLLISION (5 ELASTIC. 







WHY DON'T TWo BALLS FLY OUT WITH HALF THE SPEEp? THAT 
WOULD CONSERVE MOMENTUM, AS MV = LWAV+ WAV. 


Ral) IT WOULDN'T 

— ELASTIC 
KINETIC ENERGY. TRE COLLISIONS 
INCOMING BKLL HAS CONSERVE 
KE, =imv~ Tuo 


BALLS WT HALE THE 
cpeeép HW 


E 
% 
KE.= Laa(4V)-+ Ln(4v) 
= imv* 
1 ~ 
4 iv 










WITH JUST TWO BALLS, 
WE CAN SEE AN ELASTIC 
COLLISION BETWEEN TWO 
EQUAL M}SSES - 


THE INCOMING BALL “STOPS 
DEKD" TRANSFERRING 
ALL ITS KINETIC 
EWERGY AND MOMENTUM 
To TKE OUTGOING 
BALL. 


You See THE SAME SS 
SITUATION, APPROMMATELY, 

\IN THE HEAD-ON \ 
COLLISION OF BILLIARD 
BALLS — BOT WITH 
BILLINRD BALLS, SOME 
OF THE KINETIC ENERGY 
IS IW THE BALL's 


ROTATION? 


WHICH BRINGS US 

















oe 


6 
40 
o°y 


Wi ARE ALL AWARE THAT A MASSIVE OBJECT, LIKE 


THIS “WHEEL OF FORTUNE, HAS ONATIONAL 
UNIS THAS IT'S HARD ol MOVING, AND ONCE 


1's Gono, IT RUNS A LONG TIME BEFORE FRICTION BRINGS 
IT To A HALT. JUST AS ORDINARY INERTIA REStsts 


ACCELERATIONS, ROTATIONAL INERTIA RESISTS ROTATIONAL 
ACCELERATION. 





Dio You REALIZE 

THAT ROTATIONAL 

INERTIA DEPENDS NoT ae 
ONLY ON MASS, BUT oe aa 
ALSO ON HOW MASS 

IS DISTRIBUTED? 


MASS OW THE OUTSIDE, 

AWAY FROM TRE 

CENTER, HAS MORE age eeeas 
ROTATIONAL INERTIA ERT Hs 
THAN MASS CLOSER GASIER TO 

TO TRE CENTER! Cee 





Let's RACE & “RIM-LOADED" wie AGAINST A MASS- 
CENTERED WHEEL DOWN AN INCLINED PLANE - THe 
MASS ~ CENTERED WHEEL QUICKLY ThKES THE LEM, 
BECNUSE IT IS6 EMSIGR To GET ROTATING THAW THE 
RIM-LOADED WHEEL. 












ROTATIONAL 
INERTIA IS THE 


Ral ae ONYNL | 


Ps 
ES 


SS: 
bat 












IE ROTATIONAL INERTIA 1S 
ANALOGOUS TO MAS, 
WHAT IS THE ROTATIONAL 
nnacos OF FORCE 2 
WERE RINGO OPENS 
MASSINE Door, BY 
PUSHING AS FAR FROM 
THE HINGES kS 
POSABLE , AND HIS 
PUSH 1S PERPENDICULAR 
TO THE DOOR. 





















THE SAMG PRINCIELE APPLIES WHEN 
You SE hk WRENCH To REMOVE A 
NUT, YOU GRASP THE WRENCH As Tee 
FAR OUT &S POSSIBLE AND PUSH PRL 
OR PULL PERPENDICULAR To THE ZILA. PERRIS 
WRENCH - 
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WE CALL f C"R-PERP"), THE PERPENDICULAR DISTANCE FRoM 
THE PIVOT POINT To THE LING OF FORCE, THE 


am ARM. 





FE 


rs 


THE PRODUCT OF FORCE 
AND LEVER ARM \S THE 
TWISTING FORCE, OR 


VORRLIE. 


Torque = F-r. 
com 7 = onto _— OF F FORCE. 


NOTE HOW MAKING F PERPENDICULAR To THE 
RADIUS (THE WRENCH) MAXIMIZES I. IN OTHER 


\. WORDS, A PERPENDICULAR 
a PUSH IS THE MOST 
> EFFECTWE PUSH ! 





/ 7 1a SN 
4% 








OUR FINAL ROTATIONAL ANALOG (5 


OWEN TUICINS. 











BY ANALOGY WITH LINEAR pcuent 
MOMENTUM (MASS TIMES 

VELOCITY), ANGULAR MOMENTYM 

\5 DEFINED INS : 





ROTAT cy INERTIA 
ANGULAR VELOCITY. 







(ANGULAR VELOCITY I$ JUST THE TURNING RATE. IT CAN BE 
EXPRESSED IW REVOLUTIONS PER SECOND. ) 





UNLIKE MASS, THE AMOUNT OF ROTATIONAL INERTIA CAN BE 
CHANGED “IN MID FLIGHT” BY REARRANGING THE MASS. 
Tus MAKES ROTATIONAL MOMION MORE COMPLICATED THAN 
LINGAR MoTion. 
TAKE, FOR EXAMPLE, 
THE CHE OF 
THE SPINNING 
ICE SKATER... 


REMEMBER THAT MOMENTUM 15 CONSERVED IY THE ABSENCE OF 
EXTERNAL FORCES. LIKEWISE, /2\VYAUILYANR) MOMENTUM 15 


CONSERVED IN THE ABSENCE OF EXTERNAL Tie evel UI S5, 










THE SKATER BEGINS SPINNING] | BuT WHEN SHE PULLS IN HER ARMS, 
WITH HER ARMS EXTENDED. HER ROTATIONAL INERTIA GOES 
DOWN. HER ANGULAR MonENTOM 
REMAINS ConsTANT—-S0 HER 
ANGULAR VELOCITY INCREASES | 


IN THIS RESPECT, AWN ICE SKATER RESEMBLES A COLLAPSING STAR. 
THEY BOTH CONSERVE ANGULAR MOMENTON ! 


ITS SPIN INCREASES 
To CONSERVE 
ANGULAR MOMENTUM . 


WHEN bk ROTATING STAR 
DIES, IT BEGINS To 
COLLAPSE FROM THE FORCE 
OF ITS OWN GRAVITY. 


AND \'T ENDS UP AS A 
SUPER-DENSE BLOB 
OF STUFF, SPINNING 
MAM TIMES PER 










LARGE ROTATIONAL INERTIA X SMALL SPIN RATE 
SMALL ROTATIONAL IWERTIA « LARGE SPIN RATE 
Ss 95 


TO 
REMEMBER - 


— ——S—=—— 

















ROTATIONAL MOTION HOLDS 
SOME SURPRISES IN STORE. 
HERE'S A BICYCLE WHEEL 
MANGING BY oe END oF 

ITS AXLE. NATURALLY, \T 
FLOPS ONER ON \TS SIDE ..- 













But Nor ie (t's SPINNING 
FAST! A SPINNING WHEEL 
DOESN'T FALL — IT 


PRECESSESS. THAT 
\S, \TS RXIS 
ROTATES IN A 
HORIZONTAL 
PLANE ! 


bh TOY Tor IS A MORE 
FAMILIAR EXAMPLE. 
GRAVITY DOESN'T 
MAKE \T FALL —|AT 
PRECESSES. AND THE 
TORQUE OW THE EARTH, 
CAUSED BY THE MOON'S 
GRAWWTY, MAKES “THE 
EARTH'S AXIS PRECESS 
ONE REVOLUTION EVERY 
26,000 UERRS. 


ob 





Vow LET'S PUT OUR MECKANICS 
KNOWLEDGE TO THE 
ULTIMATE TEST. 


















NO... LET'S SEE IF WE CAN UNDERSTAND PRECESSION.... BUT FIRST, 
AN OBSERVATION ABOUT LINEAR MOTION: SUPPOSE AN OBJECT 16 
AT REST, AND h FORCE ACTS ON \T. THEN THE OBJECT STARTS 
TO ACCELERATE IN THE DIRECTION OF THE FORCE. 


pee Las) pe ae 
VT : 

veal ACTS . 1S WTHe 

DIRECTION 


i IF THE OBJECT IS ALREADY 
MOVING, AND THE FORCE ALWAYS ACTS KT 
RIGUT ANGLES TO THE MOTION, WE GET UNIFORM CIRCULAR © 
MOTION. THe foRcE CURVES THE 
———> ~ VELOCITy AROUND, BUT 





Ee 





DOES NOT CHANGE 
oA ee THE SPEED - 
BEGIN WITH BUT Not 6Pee 

FORCE ACTS \ 
PERPENDICULAR 


To MOTION 
FORCE CONTINUES 
PERPEN DIGHAM 


To MOnOV 
etc! \ 
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SOMETHING SIMILAR Zz 
WAVPENS WITH 
ROTATION. WHEN THE 
WHEEL IS NOT 
SPINNING, THE TORQUE 
FROM THe WEIGHT 
ACCELERATES THE 
WHEEL ANGULARLY 
AROUND THE TOR@UE 
RAIS, IN THIS 

ChSE THE y- DxIS. 





Wevorr 


BUT IF THE WHEEL 15 
SPINNING, IT ALREADY SPIN 1$ AROUND 
HAS ANGULAR MomeENTUM X- ARIS 
AROUND THE X- Axis. 
THE TORQUE ADDS 
SOME SPIN AROUND 
THE y -AXKS, 
PERPENDICULAR To 
THE ORIGINAL SPIN. 
THE RESULTING SPIN 


AXIS 1S TURNED A ADDED 9PIN 


x-y PLANE. Y-AXIS 





THE TORQUE CONTINUES 
TO ACT PERPENDICULAR 

TO THE SPIN AXIS, 40 

THE PRECESSION 

CONTINUES. ANALOGOUSLY 
TO THE LINEAR CASE, 
THE DIRECTION, BUT NOT 


THE SIZE, OF THE SPIN 
WAS CHANGED. 





0 


THE ARGUMENT ON THE 

LAST PAGE WAS BASED 

ON THE CONCEPTS OF 
TORQUE AND ANGULAR 
MOMENTUM. BUT THESE 
CONCEPTS ARE ULTIMATELY 
BASED ON NEWTON'S SECOND 
LAW, F= ma. Let's SEE 

IF WE CAN UNDERSTAND 
PRECESSION Just FROM F=ma. 


FIRST: THE TORQUE EXERTED By 
GRAVITY TENDS To MAKE THE WHEEL 
FLOP OVER. 50 THERE'S AN 
OUTWARD FORCE ON THE Top HALF 
OF THe WHEEL, AND AW INWARD 
FORCE ON THE BOTTOM HALF. 





FLOPPING ~~ 
FORCES ON WHEE 


THEREFORE, IT ACCELERATES 
OUTWARD, REACHING MAXIMUM 
OUTWARD VELOCITY WHEN I(T 15 
AT THE SIDEWAYS POSITION, AGouT 
TO ENTER THE WHEEL'S BOTTOM 
HALF. 








NIAKI MUM, 
OUTWARD 
MOVEMENT 


1S HERE «7 





NOW LOOK AT A SMALL PIECE OF 
THE WHEEL AS IT SPINS. AS IT 
PASSES THROUGH THE UPPER HALF, 
(T EXPERIENCES CONTINUAL } 
OUTWARD FORCE. 


Q 
SIMILARLY, EACH PIECE OF THE 
WHEEL HAS MAXIMUM INWARD 


VELocit4Y AT THE "HORIZONTAL - 
ASCENDING" SPOT. 





Spreenaets 


MAX;MUM (NWARD 
[ MOVEMENT 
\5 HERE. 


So -bS You SEE, THE WHEEL 
PRECESSES INSTEAD OF FLOPPING! 


WELL, | SPENT SO MUCH TIME EXPLAINING PRECESSION 
You IN OROER TO SHOW HOW COMPLICATED THING CAN 
GET, JuST STARTING FROM THAT SIMPLE EQUATION 
Fomad. PAysics 1S AMAZING THET WAY... WHO KNOWS? 
MAYBE WE WILL Reduce THE PHYSICS OF THE ENTIRE 
UNIVERSE To A PAGE FULL OF EQUATIONS ! 
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NOW HERE 
DID I PuT 





\Ol 





‘PART TWO: 
SLECTRIGITY 





7 9 CHAPTER 12 ‘ 
- CHARGE *« 
v on 7 foo) % oc 


WE NOW TORS FRom MECHANICS To ELECTRICITY AND 
MNONETISM. IN MECHANICS WE USED THE BASIC PROPERTY 
OF MATTER CALLED MASS. WW ELECTRICITY, THe 


BASIC CONCEPT 15 CHARGE. 


C \ oe oe 
. © 9M o- 
“ @ 
ae ELECTRICAL CONCEPT 


NoTICE THAT MECHANICS NEVER TOLD US WHAT MASS 
"REALLY 1S," BUT ONLY HOW \T BEHAVES. IN THE SAME 
WAY, CLASSICAL E&M TELLS US HOW CHARGE BEHAVE, 
BUT NOT WHAT IT {5. 


SOMETHING 
S ABOUT A LIGHT 
BRIGADE? 





a 2 EASY ooo A = PLACE THE CHARGED ROV IN 
GE — JUST RUN A RUBBER: A HANGING STIRRUP AND 
COMB THROUGH YOUR HAIR, OR = gpING ANOTHER, SIMILARLY 
RUB A RUBBER Rop WITA " GUARGED ROD NEAR — THEY 


ANIMAL FUR- REPEL. 





BUT IF \ RUB A PLBSTIC Rob: FROM EXPERIMENTS LIKE 
WITH _— : THESE WE LEARN THAT 


ag 





CHARGE ... 


"AND TUAT : 
; LIKE CHARGES 
- REPEL, AND 





: UNLIKE yy y 
oe a 





DEOANEN GRAN 


(Tob: 1790) NAMED THE TWO KINDS oF 
CUMRGES POSITIVE AND NEGATIVE. 
We NOW KNOW THAT ALL MATTER \S 
MDDE OF ATOMS, WHICK ARE Comt Sep 
OF NEGATIVELY CHARGED ELECTRONS, 
WHIRLING AROUND A NUCLEUS OF 
vosiiwely CHARGED VROTONS, avn 
NEUTRONS, wuidk HAVE No 
CHARGE. 











ELECTRONS AND PROTONS HNVE EQUAL AND OFPOSITE 
CURRGES. NORMAL ATOMS WAVE EXACTLY ENOUGH 
ELECTRONS TO BALANCE THE PROTONS IN THE NUCLEUS, 
MAKING TRE KTOM OVERALL NEUTTRAL . 








—. 
se —T QUT WHEN AN ELECTRON 
i 7 \S REMOVED FROM AN 
. _’ _NTOM, THE ATOM 
= E COMES & POSITWELY 
CUARCED TON. 
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A CHARGED OBJECT WILL ALSo ATTRACT 
NEVTRAL OBIECTS. THIS RUBBER CONB, 
CHARGED NEGATIVELY BY RINGO'S UNR, 
WILL PILK UP BITS OF PAPER. 





IT DOES 50 BECAUSE THe PAPER 
BECOMES ELECTRICALLY = 


POLARIZED: ae \\\ 
THE NEGATIVE COMB —. ea AV \\\ 
REPELS ELECTRONS | 

IN THE VAPER AND 1 \\. 

ATTRACTS THE Positive 


NUCLEI OF THE KIOMS =~ ... THE POSITIVE CHARGE 
IN THE PAPER. \N THE PAPER \5 CLOSER 
THERE (5 A CHARGE To THE COMB THAN THE 
SHIFT IN THE ah NEGATIVE CHARGE. THE 
PAPER! EVER POSITIVE CHARGE 1S THEd 
TKOUGH IT 1S ATTRACTED MORE STRONGLY 
NEUTRAL OVERALL ... THAN TRE NEGATIVE 


CUAR6E 1% REPELLED! 


FROM SUCK 
ORSERVATIONS, WE 
DEDUCE THAT THE 
ELECTRICAL FORCE 


GROWS WEAKER 
WITH DISTANCE. 





WHEN You Rue THE RupBER RoD Wit 
FUR, SOME ELECTRONS ARE RUBBED 
OFF THE FUR AND ONTO THE RUBBER, 
S0 THE RUBBER ROD ACQUIRES A 
NET NEGPTIWE CHARGE (LEAVING 

TRE FUR POSITIVE). 


SIMILARLY, SILK RUBS ELECTRONS OFF THE PLASTIC, 
LEAVING THe PLASTIC WITH A NET POSITIVE CHARGE . 





ELECTRONS ARE ELEMENTARY UNITS OF CHARGE, AND ARE 
EASILY TRANSFERRED FROM ONE OBJECT To ANOTHER. THEY 
MAY ALSO BE PASED ALONG THE SAME OBJECT — Like A CoPprR 
WIRE, FOR EXAMPLE, 





MATERIALS LIKE RUBBER, 6CA59, 
AND PLASTIC ARE ELECTRICAL 


AYA SS 3 

CUDRGE CAN BE RUBBED ON OR 

OFF THEIR SURFACES, BUT IT - 

TENDS To STICK THERE AND . RueeER 


WILL NOT MOVE EASILY 
THROUGH THE MATERIALS. CORK 


BUT IN METALS, LIKE COPPER, SILVER, 
AND ALUMINUM, THE ELECTRONS CAN 
MOVE AROUND FREELY AWD EASILY. 
METALS ARE ELECTRICAL 


CONDUCTORS. 


WHAT WE CALL "ELECTRICITY" | 
JUST A FLOW OF ELECTRONS. ? 


















CAREFUL MEASUREMENTS BY CHARLES 


COULOME (1736-106) ESTABLISHED 


7S THAT THE ELECTRIC FORCE DECREASES 
ah WITH THE SQUARE OF THE DISTANCE, 
BS. LIKE GRAVITY: CovLome’s LAW FOR 

REREAD ELECTROSTATIC® FORCES 15 VERY Mut 


7 


Aes LIKE NEWTONS LAW OF GrbviTy: 


i hat ad dilate 
Vib = 
cp em 






IN COULOMB'S EQUATION, G ay q ARE THE VALUES OF 
THE CHARGES, Y IS THE DISTANCE BETWEEN THEM, AND 
K 1S A CONSTANT, Like G FoR GRANITY. IN STANDARD 


UNITS, K=9x102. 
THE UNIT OF 
CHARGE (5 The 


COULCMY. 


bh SINGLE ELECTRON 
UPS A CHARGE OF 
~e =1bxlo~” 
CoULOMEGS. 





Just HOW 
SIMILAR ARE 
THE 
ORMVITATIONAL 


AND 
ELECTROSTATIC 
FORCES 2 





ALTHOUGH THE LAW OF ELECTROSTATIC FoRCES SEEMS VERY 
SIMILAR To THE LAW OF GRAVITY, THERE ARE MAJOR DIFFERENCES 
BETWEEN THEM. FOR 

EXAMPLE, ORRVITY 
ALWAYS ATTRACTS, 
BUT ELECTRICAL 
FORCES CAN EITHER 
BTTRACT OR REPEL. 










ALSO, ELECTRICAL FORCES ARE VASTLY STRONGER THAN 
GRAVITATIONAL FORCES. \F A CmeRE!) HUNDRED BILLION 
ELECTRONS WERE MOVED FROM A PLASTIC Rob To A RUBBER 
ONE, THERE [5 A PERCEPTIBLE ATTRACTION BETWEEN THEM. 


dhe: ag 









BUT EVEN WITH ALL (0°? (=10% BiLLioN) ATOMS IW THE ROD 
PULLING GRDNITATIONALLY, THE MOST SENSITIVE INSTRUMENTS 
WoULD WAVE TROUBLE DETECTING IT: 








CHARGE 15 CONSERVED — 
THE NET CHARGE, THE 
SUM OF THE NEGATIVE 


AND POSITIVE CHARGES IN 
AN ISOLATED SYSTEM 






A\ SOWSERVES 


eBOy 
Lees te 5 CANNOT CHANGE. 
= 
(WHEN THE NEUTRAL RUBBER WAS S 
CUARGED BY THE ANIMAL FUR, THe 4t C. 
POATIVE CHARGE ON TAE FUR MaTcHes + SN 
THE NEGATIVE CHARGE ON THE Ruger.) {i 


IT 1S POSSIBLE TO 
CREATE PAIRS OF 
CHARGES FROM 


ee WE 








\\3 


THIS A DONE 
h MAMTA VAS ROY? 
h VERY alee 
PARTICLE OF LIGHT. 
WHEN A GAMMA RAY 
PASSES NEAR AN 
KTOMIC NOCLEUS, tr 
MY CREATE TWO 
PARTICLE —A 
NEOKTWE ELECTRON 
AND pk POSITWE 
POSITRON. THEE 
TWO MAY LATER 
DNNIKILATE EACH 
OTHER, PRopUC(NG 
More GAMMA 
KpMS. 


POSITRON z. 


aie a 
YIN ; 


ELECTRON 
NUCLEUS 





BUT NO KNOWN PHYSICAL PROCES CAN CREATE OR 
DeEATROY A SINGLE CHARGE! 





MN OORSELE OF on APPARATUS You CAN MAKE FOR 










SELF | 
INVENTED 
ELECTROPHORUS. vs Hoh 
(\) 11755 
C 
Wate ene RoFOAM CUP 





YourLL NEED A PLASTIC PLATE FoR THE BASE AND A METAL 
Pie PLATE WITH AN INSULATING HANDLE, Spy A STYROFOAM 
Cur, GLUED To IT. 



















RUB THE BASE With STL FUR, 
OR WOOL, To CHARGE | 


“ST 
iv )) 


bs “s Zl 


LIFT THE PLATE OFF THE 
BRSE BY THRE INSJLATING 
HANDLE. 


Now PLACE Tag METAL PLATE 
ON THE BASE, AND Touch Mme 
PLATE WITH YouR FINGER . 


a Whe a 


NOW yoy CAN DRAW A SPARK 
OFF THE PLATE Witt YOUR 
KNUCKLE :.. | 












OR You CAN PRODUCE A 
FLASK IN A FLUORESCENT 
LIGHT TUBE. | 











AN INTERESTING FEATURE OF THIS EXPERIMENT 15 THAT You CAN 
RECHARGE THE PLATE BY TOUCHING IT WITH YOUR FINGER 
REPEATEDLY, WITHOUT FURTHER RUBBING OF THE BASE- 


ER Breet A! pte 


WOW DOES THS WORK 2 WHERE DOES THE ENERGY OF THE SPARK 
COME EROM IF THE CHARGE ON THE BME IS NoT OSeD 9P2 

















YOuR BODY SERVES AS AB 

ELECTRICAL GROUND, 

A RESERVOIR OF POGITIVE 

AND NEGDTWE CHARGES . 

SINCE THE CHARGE ON THE 

PLATE COME FROM You, 
TRE EXPERIMENT 
CAN 8E 


EeEATED 
\NDERINITELY. 


THE BASE 15 CHARGED POSITIVE 
BY RUBBING. WHEN THE PLATE 
1S PLACED ON THE BASE, IT 

ACTUALLY TOUCHES IT IN ONLY 
hk FON PLACES: 


SInCE THE BASE 1S Ay INALATOR, 
VERY LITTLE CHARGE FLOWS. 
BUT WHEN You ToUcH THE 
METAL, ELECTRONS IN YOUR 
GOOY, ATTRACTED BY THE 
POATIVE BhSE, FLow ONTO THe 
Ronee PLATE, 













AND WHERE DOES THE SPARKS | 
ENERGY Come FROM? 11 Comes 
FROM THE EXTRA FORCE 
You MUST EXERT TO LIFT 


CHARGING IT THE NEGATWE 
PLATE ANny GMT 
FROM THE ak 


PoUTWE pees 
BOG! ) 





CHAPTER 13° EE y oe 
> GLECTRIC ads 
ii NN 


THE EARTH EXERTS A Force 

ON THE MOON, A BoDY 
THOUSANDS oF MILES AWHY. 
SIMILARLY, ONE ELECTRIC 
CHARGE EXERTS FORCES ON 
OTHER CHARGE (MICK ARE 
CEPARATED FROM IT IN SPACE. 


(CE) 


HOW CAN One OBJECT EXERT A FORCE ON ANOTHER 
WHICH IT IS NOT TOUCHING? HOW CAN THE FORCE GET 
ACROSS SPACE? HOW FAST DOES IT GET THERE? 












FASTER THAW 
hk SPEEDING 
CAFFEINE 
hDpicr? 
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A BEGINNING OF THE ANSWER 
IF To IMAGINE THAT THE 
EARTH FILLS SPACE WITH 


‘GRAV MUATOONAL 
ADSL [> tris THe 


FIELD (WHATEVER (T IS!) THAT 
CHUSES “THE FORCES ON 
iMPAES WITHIN IT- 


SIMILARLY, A CHARGE FILLS SPACE WITH AN 


Piel 
BIELD. ° 


WHEN ANOTHER 
CHARGE |S IN THE 
ELECTRIC FIELY, 
ELECTRIC FoRCcES 
ACT ON \T! 
















WE CAN VISUALIZE THE ELECTRIC FIELD py IMAGINING THAT 
WE ARE CARRYING A SMALL POSITINE TEST CHARGE AROUND 
7 MAPPING by ‘ihn OF THE FORCE ON tT. Here RINGO 
HAS A SINGLE POSITIVE CHARGE, AND I'M MoUING THE TES 

CHARGE AROUND. : ' r 


( 














s\ 
J ) 









IF WE DRAW ARROWS IN Tue DIRECTION 
OF THE FORCE, WITH LENGTH PROPORTIONN 
To (14 STRENGTH, WC GET A PICTURE oF 
THE ELECTRIC FIELD oF RINGOS CHARGE: 


AND IF WE CONNECT THe 
pRRows with FIELD 
LINES, THe Picture 


Be COMES: 














FIELD LINES GIVE Bb VERY CONVINCING PICTURE OF ELECTRIC 
FIELDS: FOR EXAMPLE, FOR TWO ATTRACTING CHARGES « 





THE FIELD LINES BEGIN AT THE POSITWE CHARGE AND END AT 
THE NEGATIVE CHARGE:. THE NEGATIVE CHARGE PULLS A 
POSITIVE TEST CHAQGE (N FROM ANY DIRECTION. 


\N0 





SINCE THE ELECTRIC FIELD EXERTS FORCES ON CHARGES, There 
5 ENERGY ASSOCIATED: WITH THE POSITION OF A PARTICLE 
THE FIELD. HERE RINGO HOLDS A VOSITIVE CHARGE, AND, 
STARTING FAR AWAY, | BRING A SMALL POSTIVE TEST 
CHARGE IN CLOSE To IT. 


cP 






DS | MOVE IN, THE CHARGE 1S REPELLED, $o 1 HAVE TO 
EXERT FORCE To PUSH IT CLOSER. FORCE TIMES DISTANCE 


EQUALS Woke = \ DO WORK ON THE TEST CHARGE. 


WE SAY THAT THE WORK 
GOES INTO THE 


ROUEN S 
TRAC 


OF THE TEST CHARGE. 
lE | RELEASE THE CHARGE, IT 
ELIES AWAY, AND POTENTIAL ENERGY 


IS CONVERTED INTO KINETIC ENERGY. 


a 





\2O 


WE WOULD LIKE To ATTRIBUTE THE POTENTIAL ENERGY SOLELY T, 
THE ELECTRIC FIELD OF RINGO'S CHARGE, 40 WE DIVIDE Our my 


TEST CHARGE AND WRITE : 
; PoPreTrIAL ENERGI? 
0 ee 
Potential CHARCE 





TUS EQUATION DEFINES A NEW QUANTITY THE 
ELECTRIC POTENTIAL.* POTENTIAL MEASURES 
ENERGY PER CHARGE. ITS UNITS ARE 

JOULES PER COULOMB, WHICH WE Give A 
NAME ALL IS OWN, THE Wears 


_ ¢ JOULE 
1 Volt = ll ConnomB 


AS WITH ANY NEW DEFINITION ty PHYSICS, IT 15 
UNDERSTAND “THE BASIC CONCEPT: | MFORTANT To 














IF A BATTERY 15 Rk 
2 BA iy “at oe 
IT 15. PREPARED 
TO GIVE 6 JOULES 
OF ENERGY To EVERY 
COULOMB “THAT 15 
MOVED FROM ONE 
TERMINAL To THE 
OTHER. 





# THERE 15 ALSO A GRAUTATIONAL POTENTIAL. IF P-E. =m A. then 
- > 15 THE ABILITY OF THE GRANITATIONAL FIELD To ‘TRANSMIT 
ENERO To ANY MASS BT HEIGHT H. 

(21 


0.K... 50 HERE'S 





A 
BUT | STICL 
Ts 


pow } 
Ae 
‘ » , 
. 
S £2 
° 
; ‘ 
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bh CHARGE: 

\ MEAN, \T 
SoMETRING — 
‘7 KT cs 


\NRAT 


le 


MUST BE 
MvSN 
» 7 








sree Gar 
OU ioe 
CURSSICAL ERM NGIER 
ANSWERS THOSE CGOUESTIONS. 
IT ONLY DEScR( bes KOW 
CHARGES PND HELDS 
BEMAVE... BUT ¢€ 
You CAV KANG ON 
UNTIL THE END OF 
Book, ULL 











(CHAPTER iGe 


—+C/\PACITOR— 


kh CARACITOR CONSISTS OF 
TWO CONDUCTORS SEPARATED 
BY AN INSULATOR, FOR 

EXAMPLE, TWO METAL PLATES 
WITH AIR BETWEEN THEM. 












h CRRACITOR 15 CHRRGED BY REMOVING SOME CHAREC 
FROM ONE PLATE AND PLACING IT ON THE OTHER. 


THE EASIEST enna 
WAY TO DO THIS 
IS To CONNECT 
THE CAPACITOR 
BRIEFLY To A 
BATTERY. THE 
BATTERY PUMPS 
CHARGE FROM 
ONE PLATE To 
THE OTHER. 


SWITCH 


i | BATTERY 
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WHEN THE SWITCH 15 CLOSED, ELECTRICITY 
FLOWS, BND CHARGE 1S PUMPED ONTo THE 
AS ee at ens 
we | oPoRrT O THE 

-2N VOLTAGE. 40 Me WeiTe: al 


THE CONSTANT OF PROPORTIONALITY 
) ( \V C 15 A Numer DEPENDING OW 
= THE CHARACTERISTICS OF THE 
CRRACITOR. IT (56 CALLED THE 
CAPACITANCE. 


CHARGE = CONSTANT - VOLTAGE 








CAPACITANCE 1S MEASURED IN 
FARADS, AFTER MICHAEL 


(\79{ (867). THE HIGHER 
THE CNPACITANCE THE 
MORE CHARGE THE 
CAPACITOR CAN STORE. 


Po 
RECTLY PROPORTIONAL 
To TRE MEA 


OF THE PLA 

AND wleRset) 
PROPORTIONAL “Te 
ThE SEPARDTION 
66 EM. 
AND 


TWEEN TH 

v 
THE MORE CHARGE 
TREY WILL HOLD. 





h CAPACITOR vse wf : 
aa 


AMPLE, ia BE 
ACmwUM 
SULETS 
SEPARATED 
A TINY 
VASTANCE 
BY 
SPECIAL 
CHEMICALS... 


AFTER THE CAPACITOR 1S CHARGED, IT 
CAN BE DISCONNECTED FROM The 
BATTERY, AND IT WILL REMAIN 
CHARGED FoR MINUTES, OR EVEN 
HOURS, ALTHOUGH CHARGE WILL 
SLOWLY LEAK \NTO THE AR. 


TUBULAR 
PACKAGE- 















mi ir | NOW 
CRREFULLY 

BRING THe LENDS 
OF THE CREACITOR 


FLOWS AROUND 


THE WIRES 
AND NEUTRALIZES 
THE PLATES. 
THS 15 ChLLED 
DISCHARGING THE 
CRKRACITOR."“ 









THIS SHOWS HOW CAPACITORS CAN BE USED To STORE 
CHARGE AND ENERGY. 
FOR EXAMPLE, A 
PHOTOGRAPHER'S 
ELECTRONIC FLASH 
UNIT HAS A LARGE 
CAPACITOR To STorRE 
ENERGY For THE 
FLASH TUBE. THe 
BATTERY TAKES 
ABout 30 SECONDS 
To CHARGE IT UP. 


THEN, WHEN THE CHARGE [6 NEEDED, ALL OF IT 16 


S 
DUMPED THROUGH THE FLASK TUBE IK AN INSTANT! 


“{f SN : 
“OPPACITEQ ! 





WHEN THE CAPACITOR CHARGED, POSITIVE AND NEGATIVE 
CHARGES FACE EACH OTHER AND HOLD EACH OTHER IN 
PLACE ACROS THE INSULATOR —AND OF COURSE THERE 
IS AN ELECTRIC FIELD! 





IF AN ELECTRON 15 RELEASED NEAR THE NEGATIVE PLATE, THE 
ELECTRIC FIELD WILL ACCELERATE (T TOWARD THE PosiTiVe 
PLATE. IN FACT, IF WE MAKE A SMALL HOLE IN THE 
POSITIVE PLATE, THE ELECTRON WILL ZIP THROUGH: 





_ + 

= + 

— + 

_ + 

= + 

- + 

+ 
HERE WE MAKE UP A NEW It'S THE ENERGY OF ONE 
ENERGY UNIT: THE ELECTRON \F THE PLATES ARE 


CHARGED To ONE VOLT. \F THE 
ELEC TRO PLATES WAVE 100 VOLTS, THE 
ELECTRON WILL HAVE {00 eV... 

VOLT cv). fs 





To CONVERT eV To Joules, WE 
USE THE DEFINITION ACCELERATE CHARGES TO MILLIONS OF 
POTENTIAL = ENERGY/ CHARGE: | ELECTRON VOLTS, BUT AT THESE 
eee ete ee ee ee eee eens | ENERGIES, ELECTRONS ARE GOING 
CLOSE To THE SPEED OF LIGHT, AND 


To DESCRIBE THEM. 
{1 VOLT - : 





=1brio%¢ x t J/C 


=1.6x 10°" Toues 


CTHAt's .000000000900000000!6 !) 
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CHAPTER 15 
BLECTRIC CURRENTS 


THE GREATEST ACHIEVEMENT 
OF Tut ITALIAN PHYSICIST 
ALESSANDRO GIUSEPPE 
ANTONIO ANASTASIO 


VOLTAs iad 


FROM REMEMBERING HIS 
OWN NAME, WAS THE 
INVENTION OF THE 
ELECTRIC BATTERY IN 1794. 


VOLTA FOUND THAT IF You DIP. : 


TWo DIFFERENT METALS IN A 


CHEMICAL BATH, A DIFFERENCE : 


IN POTENTIAL WILL APPEAR 
BETWEEN THEM. 





Ginschee E= 
Ante 









ad a oe 


THIS MEANS THAT CHARGE 


= "WANTS TO" Mowe FROM 

> QNE METAL TERMINAL To 

> TUE OTUER. IF You Connecter 
> THEM WITH A WIRE, CHARGE 
WOULD FLOW THROUGH tr. 





WERCS A SIMPLE 
"VOLTAIC CELL" 
WITH ALMOST ONE 
FULL VOLT OF 
POTENTIAL: A 
LEMON WITH TWO 
NAILS! 










VOLTk ALSO FOUND THAT BY CONNECTING CELLS IN SERIES, 
TE PoTENTING AUD UP TO GIVE LARGE VOLTAGES: 


CAN 


“ 
4 
PT 


\C~77 


1 VoLT 1 VOLT 4 VOLT { VOLT 


—_—_—_——__—~—— 4 VotTs ToTAL ———__—> 


Rh FLASULIGUT "BATTERY" 


15 ACTUALLY A SINGLE 
CWEMICAL CELL. A TRUE —— 
BATTERY, LIKE THE ONE SINGLE CELL 


IN YOUR CNR, CONSISTS 


OF SAVERML CELLS 

CONNECTED IN SERIES, AS wl 

APOVIE. THrIR ELECTRICAL 

SYMBOLS ARE: BATTERY 
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LET'S HOOK UP A SIMPLE THE BATTERY CONTINUALLY 
CIRCUIT: A BATTERY WIRED "PUMPS" CHARGE ARROUND THE 
TO A LIGUT BULB. CIRCUIT, LIGUTING THE BULB, 





ity LOW OF 
cUnRCS . 5 FLOW O 


\ FEEL 

b NEW 

UNIT COMING 
ON... 


CURRENT [5 MEASURED IN CoULOMBS PER SECOND, M50 KNOWN ts: 


amperes. 


WE OFTEN DRAW AW ARROW REM 
ALONG THE WIRE, LEADING CORREWT 
FROM THE BATTERY'S POSTIVE 
TERMINAL TO THE NEGATIVE , 
AS IF POATIVE CHARGES 
FLOWED THAT WAY. THIS 
\S CALLED “CONVENTIONAL 
CURRENT," AS OPPOSED To 
REAL CURRENT, WHICH (6 
A FLOW OF NEGATIVE 
ELECTRONG IN TRE OPPOSITE 
DIRECTION. IN MOST ELECTRICAL 
EFFECTS, THERE 15 NO WAY To 
DISTINGUISH BETWEA These two 
COA (PILI, . 











— 
<x 
—2 
E 
& 
=a 
°S 
e) 


4 
3 
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TO KEEP ALL THESE CONCEPTS 
\N MIND, IT HELPS To HAVE 
A MECHANICAL DNALOGY: 


IMAGINE THAT ELECTRIC CURRENT IS LIKE WATER FLOWING THROUGH 
A PIPE. THEN WE HAVE THESE CORRESPONDENCES : 


THE LAM? FILAMENT 15 





WATER LIKE A SECTION OF PIPE 
LITER OF WATER FILLED WITH GRAVEL 
janrere | ee Tat RESISTS The 
St OF WATER. IN hes 
VOLTAGE PUMP PRESSURE E FRICTION OF FLOWING 
GRAVEL! 
To GET A LARGE Flow, CURRENT, 1, EQUALS 
OR CURRENT, A HIGH VOLTAGE Y, piviDep 
PRESURE, OR VOLTAGE, BY RIBISTANCE R. 
IS REOUIRED. SeoRoe THE HIGHER THE 
(OY) (789-1854) VOLTAGE, “THE MORE 
SUMMARLZED “THIS CURRENT Flows 
RELATION PS THROUGH A GIVEN 
RESISTANCE - 





JAN 


OURS LW 


CORM'S LAW IS Nor UNIVERS ALL an Li “CouL 
; omMe's LAW, Bur IS 
APPROXIMATELY TRUE IN MARY 4\T ATDNS | 


[> 


ecsisrance 16 measureo wn OHMS. 
IT DEPENDS ON THE MATERIAL, THE 
AREA THROUGH WHICH CURRENT 

FLOWS, AND THE LENGTH 
IT MUST TRAVEL. 






A 










THINK AGAIN OF WATER FLOWING THROUGH A PIPEFUL OF GRAVEL. 
bh SECTION OF PIPE TWICE AS LONG WAS TWICE THE RESISTANCE... 
Bh WIDER PIPE HAS Less RESISTANCE, BECAUSE ITOFFERS MORE 
SPACES FOR WATER TO FLOW... AND RESISTANCE DEPENDS ON 
THE TYPE OF GRAVEL. 



















MOEN Soe Poe oe 
te a . Ae os ed 4 
Pn NX 


LONG PIPE. 


(sae) UIGH RESISTANCE 


SHORT PIPE, 
Low RESISTANCE 





(On 
Wide PIPE, RESISTANCE 
Low RECISTANCE 









SMOOTH GRAVEL, Low Resistance 


LIKEWISE, AN ELECTRIC WIRES RESISTANCE 15 PROPORTIONAL To (TS 
LENGTH AND INVERSELY PROPORTIONAL To ITS CROSS-SECTIONPL ARCA. 
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AND, LIKE DIFFERENT TYPES OF GRAVEL, DIFFERENT MATERIALS 
UAVE DIFFERENT INTRINSIC RESISTIVITY. Goon ConoucroRs 
UWvE LOW RESISTIVITY: 


oor Conoucrors 
HOt 


Corre, 
ALUMINU 


A LAM? FILAMENT [S$ (YOU WANT 
LIKELY To BE MDDE oF HIG RESISTAN 


TUNGSTEN, WHICH HAS hp — 
h MUCH HIGHER RESISTIVITY can 7 
te ee eo “DISSIPATES” 
GREATER REGSTANCE THAY Teena 
THE SAME SIZE COPPER WIRE- iro 


LIGUT! ) 





RESISTIVITY N40 CHANGES 
WITH TEMPERATURE. 
FoR MOST MATELAUMLS, Ir 
RISES SLOWLY WITH 
TEMPERATURE, AS 
VIBRPTING MOLECULES 
INTERFERE WITH THE 
FLOW OF CHARGE. 





(43 


FOR SOME MATERIALS, LIKE 
MERCURY AND ALUMINUM, 
THE RESISTIVITY FALLS To 


HERO 


ht VERY COLD TEMPERNTURES. 
NENE ABSOLUTE ZERO 
(—272 CENTIGRADE), THESE 
MBTERIALS CONDUCT 
ELECTRICITY WITHOUT PNY & 
RESISTA — AT ALL. THEN TEMPERATURE 
THEY ARE CALLEp 


No (ieee to) pe 
(ieee to) ae Colo y) | Th ENDY 
Colo... 


THE WONDERFUL THING ABOUT SUPERCONTPUCTORS 14 THAT 

THEY CAN CARRY Hube CURRENTS withouT ANY L055 To 

HEAT. THESE CURRENTS CAN EVEN PERSIST For YEARS 

WITHOUT LOSS OF ENERGY. SUPERCONDUCTORS, THOUGH EX- 

RENSIVE, ARE USEV IN PARTICLE ACCELERATORS, (WHERE SUPA: 

STRONG 'GLECTRoMAAIE TS ani GIDNT ELECTRIC CURRENTS. 
nNO EVEN ‘e 


BIGGER rs , a Bi P | 


fe BUDGETS! | 
i i iat if | 


o 
a - ee 
aad i 
eel ee re ee 


RESISTIVITY 






























betel 
ee eee) 


IN 1986, SCIENTISTS 
DISCOVERED SEVERAL 
NEW SUPERCONDUCTING 
COMPOUNDS THAT LOSE 
THEIR RESISTIVITY AT 
Muck HIGHER 


TEMPERATURES, AROUND 
-1B0° C. THIS MM 
SOUND CoLD, BuT 

. \T> h Warm BATH 
CONPARED WITH 
ABSOLUTE ZERO- 





THESE COMPOUNDS CAN BE CHILLED WITH INEXPENSIVE 
LIQUID NITROGEN... 50 WE MAY SEE Some AMAZING 
COMMERCIAL APPLICATIONS IN THE COMING YEARS, Suck 
AS LEVITATING TRAINS... 






\ 
a nad 









=2 ed ——— 


== ee 


pe 
=< C¢! a _¢- 
ee = 
a =o 


oe UE 
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Wow BACK To OUR SIMPLE 
CIRCUIT, A SMALL LIGHT BULB 
CONNECTED BY COPPER WIRE 

To h 6-VOLT BATERY. 








THE LAMP FILAMENT MIDUT WAVE & OUMS OF REZIZTANCE, 
IN WHICH Ch4E, BY OUM'S LAW, THE CURRENT WOULD BF 


i= = NOT = 1 ampere 


b % OHMS 








(COPPER INIRE'S 
RESISTANCE 4 NEGLIGIBLE - 
CONTRIGUTING LITTLE 
To The OVERALL 
RETISTNNCE *) 





You FORGOT 

THE RESISTANCE 
OF THE | 

WIRE ..- 





A) 





\i4 









5 




















THE QUESTION 15, HOW WOULD 
YOU MEASURE THESE QUANTITIES 
IN THE CIRCUIT 2 







4. REMOVE Bue. 
2. INSERT FINLER 
I) SOCKET. 

3. MeASure 
RESULTANT > 
ARIA CURL..: 
















¥ UNLESS THE WIRE I> VERY LowG OR VERY THw. 
ISL 


FOR AS LITTLE AS / 99 
TEN DOLLARS, YoU ae 


¢ 4A wheel DRIV 
Cay Buy A iN aes metre 
MULTIMETEK = 

Ter WILL MERSURE 

VOLTAGE, CURRENT, 
AND RESISTPNCE. 







To MERGURE VOLTAGE , TOUCH THe MeTER's LEADS ACROSS 
TUE LAM? OR BATTERY. TOUCHING IT ACROSS THE LAMP 
MEMURES TE VOLTAGE DROP OF THE LAMP. 


: <i) 





{HE VOLTAGE “DROP REFERS To WHE 
ENER(Y PER CHARGE THAT 15 
GOING To WEAT PND LIGUT. 





\F YOU ToUCURD THE 2g \\  VOLTMETER HERE 
ou ie rte 
OF TUE LAMP, You'D 

OCT A NEAR: ZERO 

RENDIWG. IT ThKES 

ALMOST NO VOLTAGE To 

PUSH CURRENT TURdUGH 

A COPPER WIRE . 

AND MEPSURING ACROSS HERE 
THE BATTERY Gives 115 \T MEASURES 
VOLTASE “STEP-bP," THE ee 
ENERGY PER UNIT CHARGE PIECE OF WIRE. 
PUMPED INTO THE CiRduir 

BY THE BATTERY. 





To MensuRE CURRENT you musr 
BREAK THE CIRCUIT AND SORT THE 
AMMGCTER . 





THE SAME CURRENT 15 FLOWING EVERYWHERE ID THIS SIMPLE 
CIRCUIT, AND WE MUST MAKE IT FLow THROUGA Tie 
AMMETER To BE MEASURED. 


om 


ee | 





ND 
RESISTANCE” 


RESISTANCE =: 
pIRECTY, Ps 
B) Try: a 
It OUT OF ° 
The Ziecuir : 


AND TESTING $: 
IT WITH Tue : 


OUMNETER 
SETTING OF THE - 


o \\ 


MULTIMETER. : 


OR You 

Could USE The 
PREVIOUS 
VOLTAbE AYO 
CURRENT 
READINGS To 
cnet 


REGISTANCE 
WITH OUMS 
LNW. 


sey hie eee e @e 


THESE Two MEASUREMENTS WOULD ACTUALLY ONE SOME WUAT 
DIFFERENT RESULTS, SINCE WHEN TRE BULB [5 (WY CIRCUIT, 
TWE T° MENT 1S AT HIGH TEMPERATURE CAND HIGHER 


RESIS: 
METEL 


“E), WHEREAS WHEN IT 15 MEASURED WITH THE 
THE FILAMENT [5 COOL. 








ANOTHER FAMILIAR ELECTRICAL UNIT 15 THE 


WES Er : THE UNIT OF JV aed 
ig ENERGY ree unc o 









TIME, \T MEAGURES 
Wow FAST ENERGY 15 
PRODUCED OR ConSuMED. 
POWER PPPLIS ALGO Tp 
MECHANICKL SYSTEMS, 

My IN A POWERFUL CPR, 
WWHICK CAD DCCELERATE 
RAIDLY. A HIGH-POWERA 
LIGUT BULB Puts ouT 
k LOT o¢ LIGUT 
PER SEO)D. 














== by peEITiION. A WATT 15 one 
JOULE PER SECOND —4o Wwe 
CAN RELATE WATTS To VOLTS 


AND AMR - 


le _ JOULES - 
POWER WATTS = “Set 


JOULES COULOMES _ 


CoULomg SECOND 
VOLTS x AMPS 





\4o 





IN THE CASE 
0 

‘$ b-OUN oe 
, TACHED To A ° 
ae BATTERY 
We WINE Oe AN? 
oe AWD 

ROWER 1S 


V = b voers x { ame 


= 6 WATTS, 


= CUR 
of VO 
Po ween aan 


P=Vi 


W 
ATTS = VOLTS x AMPS 


AND D ho, 
WORSID 
ARovyvD! 








6CUAPTER 16s 
SERIES AMD Bator Te 


L NoW RUT THREE ee re 
EQUAL LIGHT BuLeS IN” - ’ 


SERIES wer 


BATTERY. THIS 
GEARS THEY ARE 
WIRED TOGETHER 
ONE AFTER THE 
OTHER. 





BY ovR MECHANICAL ANALOGY, 
EACK LAMP FILAMENT [5 Llc 

A GRAVEL: FILLED SECTION OF PIPE. 
NOW THE CURRENT RAS THREE TIMES 
AS MUCH GRPVEL To FLOW THROUGH — 





*WE ARE ASSUMING THAT A LAMPS REZSTANCE 16 INDEPENDENT 
OF CURRENT THROUGH THE LAME, WHICH If REALLY NoT TKE CASE, 
SINCE TEMPERATURE CE THE FILAMENT DEPENDS STNoWGLY ON CURRENT, 


14 


TRIPLING THE RESISTANCE 
MEANS THAT ONLY ONE THIRD 
THE CURRENT CAN FLOW. 
THE CURRENT MUST BE 
THE SAME IN EAC LIGHT, 
OF COURSE: THERE \¢ 
NOWHERE ELSE FOR THE 
CUARGE TO GO, AND IT 
DOESN'T ACCUMULATE IN 
THE CIRCUIT: 





WHEN | “Touch THE LEADS OF 

Nh VOUTMETER ACROSS ONE 
THE LAMPS, THE VOLTAGE DROP 
ACROSS THE LAMP IS 

ONE THIRD OF THE BATTERY 
VOLTAGE - 


THE LAMPS DIVIDE UP THE VOLTAGE, AMO THE SUM OF THE 


VOLTAGE pRoPS ACROSS THE SERIES ComPONENTS Must EQUAL 
THE BATTERY VOLTAGE. = . 


c V/3 V/3, V/ 3 
+. 


VY = 


R R R 


a 
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STANCES |N SERIES, 
THE VOLTAGE 
DROPS V.,V_, AND 
V, REPRESENT 
ENERGY ConSuMED 
BY THE LAMPS + 
ENERGY Converted 
FROM ELECTRIC 
ENERGY INTO 
LIGuT BND HEPT. 





IN THE MORE GENERAL CASE, WITH UNEQUAL RESt 


















THE TOTAL ENERGY CoMbuMeD By THE LAMPS MUST EQUAL THE 
ENERGY PRODUCED BY THE BATTERY, So THESE VOLTAGE 
DRopS MUST ADD TO THt BATTERY VOLTAGE. THIS IS CALLED 
“THE Loo? THEOREM, OR KIRKHHOFF's FIRST LAW: 


VERVE AVEAVA 


CAND v-iR, ETC. | 





IN SERIES EACH OF THE THREE EQUAL 
LAMPS GETS ONE-THIRD THe CURRENT 
THAT A SINGLE LAMP WouLd GET 
WHEN CONNECTED ALONE To THE 

BATTERY, AND AT ONE-THIRD THE 

VOLTAGE. SINCE POWER IS VoUTAGE 
TIMES CURRENT, EACH BULB 1S 
ONE: NINTH AS BRIGHT AS 

ONG BULB CoNNGcTEp Atone!! 


* REMEMBER, VOLTAGE 15 ENERGY PER CHARGE. 
btu 


Now LET'S CONNECT THE BULBS IN PARALLEL: 


EAC LAMP (5 
CONNECTED 
DIRECTLY To THE 
BATTERY, WITH 
No OTHER BULB 
INTERVENING . 


TwiS WRY EVERY BULB GETS A FULL DOSE OF VOLTAGE, AND 
— WITH ITS NORMAL BRIGHTNESS. THIS IS THE WAY 
A WOUSE WOULD NORMALLY BE WIRED 90 een 

ae FIXTURE GETS FULL HOUSE VOLTAGE 





IN THE PARALLEL % 


tee CURRENT HA 
To, DNIDE AND Ag 
TRROVGH THE TH 





BUT THE Toma. RESISTANCE OF THE CIRCUIT 1S ONE THIRD 
“THAT E BULB — THERE 16 THREE TIMES As MUCH 
"AREA OF 6RNEL" T> FLOW TWROUGI. THIS MAKES IT EASIER! 
THEN, BY ONM'S 
LNW Sa cut TIMES 


ok a 
WHOLE - 





To SUM UP, IN PARALLEL EACH COMPONENT GETS THE SAME 
VOLTAGE, AND DRAWS A CURRENT 1 \NVERSELY PROPORTIONAL 
TO ITS RESISTANCE, BY OFS LAN ey 


a a 
i< zI< 


a 
NS 





vs 


"i 
BI< 


= @ 

if 
me 

4 
= 

+ 

ame 
ws 






WHAT IS THE CURRENT IN DIFFERENT PARTS OF THE CiRcuIT? 
THE CURRENT FLOWING \NTO ANY JUNCTION IN THE CiRcuIT 
MUST EQQUAL THE SUM OF THE CURRENTS FLOWING OUT. 
CURRENT IS THe FLOW OF CHARGE, WHE 1S CONSERVED - 


+I, 









l, i; 








, THE RESULT \S CNLED 
, THE JUNCTION 
THEOREM, °F 
R. KIRCHHOFF'S 
SECOND LAW: 


@ 
Ia 


THE CURRENT FLOWING liSTO A 
UNCTION EQUALS THE SUM 
THE CURRENTS FLOWING OuT, 
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WERE 15 ON INTERESTING 


RARADBY.: 


\'M GOING TO HOOK uP A 
Go-WaTT BULB AND A 
400-WAT BULB IN SERIES. 


\ 
vu l Vy 


~ Tne 60 wart 
~ : BULB {S 
BA BRIGHTER!" 
lf Jo =X, 





WHAT'S GOING 
ON WERE? 


FIRST, REMEMBER THAT THE WATT RATINGS ARE Goop ONLY 
IE THE BULBS ARE PLUGGED IN ALONE, NOT IN SERIES. 


HOW MUCH VOLTAGE 









IN SERI® DOES EACH BULB IN 
THEY DIVIDE) = rpite, Ger? au 
v SEL BULBS GET THE 
SAME CURRENT 0 
So ONM'S LAW 


V=iR ove 


THE VOLTAGE DROP 
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THE THE 100- 
60-WATT BULB WAT BULB, ED 
HAS GREATER WITH LESS as 
y S 
IN ALONE, MORE 7 
IT DRAWS CURRENT 
LESS CURRENT WHEN PLUGGED 
WA GLOWS IN ALONG: 
BRIGHTLY. 
it § IN SERIES, _* ‘ - we | SRS 
Bue, wk toe. wer 
HIGHER BULB 
RESISTANCE, GETS GETS 
VOLE LESS! 
OLTAGE.. ke hh 
ee) 








So Tit ACTUAL PoweR Pa Vi Deuverep To EACH LAMP 
\6 HIGHER FOR THE GO- WATT BULB THAN FOR THE 100! 





YES... YOU DON'T 
UMVE To TELL 





(© 









X\ ME --- THERE 
= NEVER WERE 
Bey ANY Dox... 


| 


y 
Ww 





Le 
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(CHAPTER 17¢ 


SEVERAL THOUSAND YEARS AGO, THE GREEKS DISCOVERED THAT 
CERTAIN METALLIC ROCKS FROM THE DISTRICT OF 

MAGNESIA tn ASIA MINOR Would ATTRACT IRON, AND 
ATTRACT OR REPEL SIMILAR ROCKS. HENCE THE NAME “MAGNET... 


he 
/ DP FS 
AX sh 


MPGNESLA 





FURTHER STUDY 
ESTABLISHED THAT 
MRONETS ALWAYS 
HAVE TWO 


POLES, 


CALLED NORTH 
ANO SOUTH. 


P N 
\> 3 
a AANA iN Ay NWALUVLA 


IF YOU ALLOW A MAGNET To PIVOT, 115 NORTH Pog 14 


i ONG THAT YOINTS TOWARD THE EARTH'S (GeocRKPHic) 
ORTH - 





A COMPAS 15 
JUST A MAONETIC 
NEFOLE ON A 
VIVOT. 





\NE Al4o NOTE TWAT UNLIKE PoLes ATTRACT, WHILE 
LIKE VOLES REPEL - 








NOW IMAGINE THAT WE HAD 
SCATTERED TINY COMPASS NEEDLES 
ON A SHEET OF PAPER AND 
BROUGHT A BAR MAGNET 
UNDERNEATH THEM - 


THE NEEDLES WILL LINE UP, 
REVERLING THE BAR MAGNET's 







BY CONVENTION, WE AGREE THAT 
THE FIELD LINES EMERGE FROM 
THE NORTH MAGNETIC POLE 
AND POT ToWERO THE SOUTH 
MAGNETIC POLE . 


AS WITH THE ELECTRIC FIELD, WE 
CONNECT THE LINES ALONG THE 
DIRECTION OF THE ARROWS AND 
SEE THE RESULTING MAGNETIC 


F 


Cote THAT THIS 
MPKES THE 
EARTH'S SOUTH 
MAONETIC POLE 
BE THE OWE 


IN THE 
CEOORR KIC 
NORTH! ) 





YOU WOULD FIND THAT BREAKING ALSO, THE 
THE MAGNET GENERATES TWo New] ° FIELD LINES 
POLes! You CAn NEVER ISOLATE DON'T pwr OR 


bh POLE FROM ITS OPPOSITE. END, 
OPPOSITE phGé 


THROUGH THE 
MAGNET FROM 
S50UTK TO 
NORTH, 
FORMING 
CLOSED 
CURVES - 





YP UNTIL THE YEAR 


1620 


EVERYONE THOUGIT ELecrRicity? 
MRONETISM AND MAGNETIS 45 4 
ELECTRICITY WERE | To pot Wity 
COMPLETELY | @ EACH OTHER? 
SEPARATE - 7%: 7 JOMETHING 2 


WA HA HA HA 





BUT IN THAT YEAR, THE 
DANISK PHYSICIST HANS 


OERSTED (1177-1851) DISCOVERED 


THAT A COMPASS NEEDLE WAS 
DEFLECTED BY AN ELECTRIC 
CURRENT. 







(Oru 


] First, \e THE CHARGE 1S NOT 
| MOVING, THERE 15 A 









... AND THERE 15 NO FORCE 
\— THE CHARGE |S MOVING 


INEONG. A FIELD LINE... 


..BUT \F THE CHARGE {5 
MOVING A\GaOoeye? THE 
FIELD LINES, IT FEELS 
SOMETHING! 








THE FORCE ON 

THE CHARGE 15 - 

bh “SIDEWAYS" FORCE — Vv 
PERPENDICULAR TO 
BOTH THE FIELD 
LINE AND THE 
CHARGES VELOCITY: 















MAGNETIC FIELDS | 
PRODUCE FORCES ON 
MoviING CARRGED 
PARTICLES. THE 
FORCES ARE PER- 
PENDICULAR To BoTH 
THE VELocITy OF 
THE PARTICLE AND 
THE DIRECTION OF 
THE MAGNE Tic 
FIELD. 





DO You 
VNDERSTAND 
WHAT YOU FEEL? 
















THE AZE OF THE FORCE 1S PROPORTIONAL TO THE INTENSITY 
OF THE FIELD AND THE Speep WITH WHE THE PARTICLE IS 
CUTTING ACROSS IT. HERE 
a are To 

ER. "SIOEWNYS', ~WeLocity 
THREE: DIMENSIONAL FORCE, ta 
MORE THAN ANYTHING, 


MAKES ELECTRICITY AND % i > 
MAGNETIOM SEEM ComPLiCATeD- nN a 
FIELD 


FORCE 











of 





FIELD 





FORCE 






NOTE: THE DIRECTIONS OF THE FIELD AND THE VELOCITY 


DETERMINE & PLANE. 
THAT PLANE. THE FORCE (S$ PERPENDICULAR To 
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HERE 15 A MAGNETIC FIELY 
THAT WILL MAKE CHARGED 
PARTICLES CIRCLE 
INDEFINITELY BETWEEN 
TWO NEARBY OPPOSITE 
POLE FACES: 





THE MAGNETIC FIELD BETWEEN THE FACES 15 ALWays 
PERPENDICULAR To THE PARTICLE'S VELOCITY: 50 THE 


4 a Pt eet & ane 

: ara eed mn 
id ve 

- TOS Ty 

Pan 44h is i Pay 


THIS PROVIDES JUST THE 
CENTRIPETAL FORCE 
NEEDED To KEEP THE 
PARTICLE IN CIRCULAR 
MOTIONS SEEN FROM 
ABOVE, IT LOOKS LIKE 
TS FAMILIAR PreTURE: 


FORCE, 
PERPENDICULAR 
TO BOTH, 
POINTS 

TO THE 
CENTER 

OF THE 
CIRCLE‘ 


THIS (5 THE BASIS 
FOR THE LARGE 
PARTICLE 
ACCELERATORS AND 
FTORAGE RINGS | 
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MAGNETS EXERT FORCES ON 
MOVING PARTICLES — AND, 
bS OERSTED SHOWED, 
MOVING CURRGES ALSO 
CREATE MAGNETIC FIELDS. 
THAT'S WHAT DEFLECTED 
OERSTED's COMPDSS... 





{ To EXAMINE THE SIMPLEST CASE, LET US PASS A CURRENT- 
CARRYING WIRE STRAICKT THROUGH A PLANE COVERED Witt 
COMPASS NEEDLES: 






} lies 


THE NEEDLES LINE YP IN CIRCLES AROUND THE WIRE. 


THE MAONET(C 

FIELD oF A CURRENT 

\9 CIRCLES CENTERED 
} eh ak = ==} = zz} =}; =. ON THE WIRE AND 

LYING IN THe PLANE 

PERPENDICULAR 

TO The CURRENT. 
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YoU CAN FIND THE 
DIRECTION OF TKE MAGNETIC 
FIELD BY POINTING THE 
THUMB OF YOUR RIOKT 

HAND ALONG THE DIRECTION 


OF The FLOW OF PoStTWwe 
CHARGES. YOUR FINGERS 
CURL IN TKE DIRECTION 

OF THE MAGNETIC FIELD - 





THIS 15 KNOWN [SS THE 
right-hand 
rule. 








TWO PARALLEL CURRENTS KrTRAC 
EACH OTHER. THE MAGNETIC FIELD 
CIRCLING EACH WIRE CAUSE FoRaE 
ON THE CURRENT IN THE OTHER 
WIRE, PULLING IT CLOSER, 
\ SEE IF YOU CAN CONVINCE YOURSELF 


THAT THIS 1S THE RIGUT DIRECTION, 
USING THE RIGHT. HAND Rute! 





\F WE BEND A CURRENT- CARRYING WIRE INTo 
Ak CIRCLE, WE GET THIS MAGNETIC FIELD‘ 


NOTICE THAT ONE SIDE LOOKS Just 
LIKE A NORTH Proce —THe 
FIELD LINES BRE COMING OUT— AND 
THE OTHER SIDE Looks LIKE A 
SOUTH PoLe, WITH FIELD 


LINES GOING IW... 





BY WINDING MANY TURNS , 
THE MAGNETIC FIELD 15 MADE 
PROPORTIONALLY LARGER. By 
WINDING TURNS ALONG A 
CYLINDER, WE GET A 


HHA Gelh 


WITH A MAGNETIC FIELD 
JUST LIKE A BAR MAGNET! 


li 
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INSERTING AN IRON 
BAR INTO TRE Coil 
CONCENTRATES AND 
STRENGTHENS THE 
MAGNETIC FIELD, 

KWo THE RESULT IS AN 


ELECTRO” 
IAGNS U. 


MAYBE You'Re GETTING CoNrY Sep 
WITH ALL THESE MAGNETIC BND pss NA 
ELECTRIC FIELDS. SUPRO%E i \ 
THE ROOM WERE FILLED . @¢ a 
WITH THEM — HOW WOULD A y r 

YOU KNOW, AND How WouLD = (¥e 


You KNow WHICK WN Ok -F LSE 
Q hs Eo _ VA 
ween oe | eee 


IN FACT, THE ROOM [S$ 
FILLED WITH THEM. THERES 
THE EARTH'S MAGNETIC FIELD, 
AND THE ELECTRIC AND 
MAGNETIC FIELDS OF RADIO 
WAVES Tua You CAN Pick 
OP With AN ANTENNA. 

(THE ELECTRIC FIELD OF RADIO 
WAVES MOVES THE CAAROE 
IN THE ANTENNA.) 

You CAN TEST FOR MAGNETIC 
FIELDS WITH A Compass, 

OR BY STUDYING THE SIDEWAYS 
FORCE ON MOVING CHARGES. 
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(CHAPTER 1° 
DERMANENT WMahets 


ALL KNOWN 
MAGNETIC FIELDS 
RESULT FROM 


MOVING ELECTRIC 
CHARGES. 





WHERE ARE THE CHARGES THAT CREATE THE MAGNETIC 
FIELD OF AN IRON MAGNET? ‘THEY ARE THE ELECTRONS IN 
THE IRON ATOMS THEMSELVES | 


A ance) N 


AN ELECTRON ‘B THE Ls 
ATOMIC NUCLEUS IS LIKE & 
aa — 


ORBITAL "MAGNET IC 
FIELD. ALSO, Tue ELECTRON 


ene, 7 o ‘ead dKIG, i 


<7IN MAGNET IC FIELD. ORBITAL, FED 


[60 










MOST ELECTRONS IN 


NTOMS HOE THEIR 7X 
MAGNETIC. FIELDS | 
CANCELLED OUT BY 
TWE MAGNETIC FIELDS FE 
OF OTHER ELECTRON... 

SUN 


gor sw MAGNETIC materas—cixe te meracs 


IRON, NICKEL, evo COBALT — Tuert are 


LONE ELECTRON THAT CONTRI T 
ae 


N 
N 
.». AND 
FURTHERMORE, 
IN THESE “FERROMAGNETIC’ ELEMENTS. THE hTomS THEMSELVES 


LINE DP? 50 THAT THEIR MAGNETIC FIELDS ALL POINT IN THE 
SAME DIRECTION. RESULT: A BIG MAGNETIC FELD? 


&> NC 
a o> GeO 










BUT le ALL THE 
ATOMS ARE LINED 
UP, WHY AREN'T 
ALL PIECES OF 

IRON MAGNETIC? 










ALL THE ATOMS IN MICROSCOPIC REGIONS OF THE MATERIAL, 
CALLED DOMAINS, Do Line UP, BUT IN UNMAGNETIZED 
IRON, THE DOMAINS ARE RANDOMLY ORIENTED, WHEN THE 
IRON |S PLACED IN A MAGNETIC FIELD, THE DOMAINS TEND 
TO LINE UP WITH THE FIELD, AND THE \RoN BECOMES 


MAGNETIZED. 


PRU ECE] eRREG RAR 
TIO SESSRCCRON 


UNMAGNETIZED MAGNET( ZED 


eye 















SOME METAL ALLOYS ARE MAGNETICALLY “HARD.” IT TAKES A 
STRONG EXTERNAL MAGNETIC FIELD To ORIENT THEIR DOMAINS — 
BUT ONCE ORIENTED, THE DOMAINS TEND To STM LINED UP. 


IAINIGORV: 


Pw ALLOY OF ALUMINUM, NICKEL, 
COBALT, IRON, AND COPPER, 5 
VERY MAGNETICALLY HARD. 
PURE IRON, ON THE OTHER — 
HAND 1S MAGNETICALLY "SOFT : 
EASILY MAGNETIZED, BUT 
EASILY DEMAGNETIZED BY 
REMOVING THE EXTERNAL FIELD. 





THE FERROMAGNETIC EFFECT OPERATES ONLY BELOW A CRITICAL 
TEMPERATURE, 770°C FOR IRON. HEATING DISROPTS 
MAONETICM. 


PRESUMABLY, THE EARTH'S MAQNETIGM 
IS CAUSED BY CIRCULATING 
ELECTRIC FIELDS IN THE EARTH'S 
CORE. THE EXACT MECHANISM 
REMAINS A MYSTERY. Do YOu 

FIND \T RATHER AMUSING THAT 
THE FIRST MAGNETIC EFFECTS 
EVER DISCOVERED ARE STILL 

NoT SATISFACTORILY EXPLAINED? 
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RARADAY 
INDUCTION 


FOR TWELNE YEARS AFTER 
OERGTED'S DISCOVERY, 


NELECTRICIANS LooKeD 
FOR THE COMPLEMENTARY 
EEEECT: HOW 10 MBKE 

h MAGNETIC FIELD PRODUCE 
h CURRENT? ac LDST, IN 
(G32, MICMAEL FARE DY 
mbve A SNGGESTION — 







) yt 
x I 
3 é i 
eas 





\o4 


HERE RINGO THRUSTS A MAGNET WHEN THE MAGNET [5 HELD 
INTO A LOOP OF WIRE CONNECTED STILL, THe METER REGISTERS 
To A SENSITIVE CURRENT METER, NO CURRENT. 

A GALVANOMETER. THE GALVANO- 
METER NEEDLE DEFLECTS | 


yn 
V1 





ANOTHER WAY To INDUCE CURRENT | BUT WAGY THE CORRENT IW THE 
IS To PLACE A SECOND LOOP NEARBY | SECOND Loo? (S CTERY, NO. 
AND CNERGIZE \T WITH A BATTERY. CURRENT (5 INDUCED IN THE 
WHEN CURRENT IN THE StCond Looe =] FIRST Loop. 

\S SWITCHED ON OR OFF, A CURRENT 


CURRENT Flows (WN 2. 
PULSE (S INDUCED IN Tae FIRST! ae 





ISN'T IT MIRACULOUS, ENERGY FARADAY DESCRIBED THIS 
INVIAABLY GETTING MROSS oS No THAT EMP 
rsune im 6)2 COR SHORT! 


\F YOu 
Evieve (N 


ae (Tv noice 

ARE GENGRATED IN 
THE WIRE WHENVER 
MAGNE ic FIELD 
LINES CUT ACROSS 
THE WIRE. 





ILS 


IT DOCSN'T MATTER WHETHER 
THE MAGNETIC FIELD MOVES ((C 


OR THE WIRE MOVES WITH 
RESPECT TO THE MAGNET. \ \ 
fe ; 


IS EQUIVALENT To 





WHEN THE MAGNET IS THRUST : IN THE CASE OF TWO WIRE Loopy, 
INTO THE LOOP, ITS FIELD  : WHEN CURRENT IS FIRST TyRNED 


LINES CUT ACROSS THE WiRe, : ON IN OWE LOOP, MAGNETIC 


at AN EMF Tuar : as LINES BUILD UP, ae 
ODU : HER LOO 
. —— : PRODUCING AN EME- 





DITTo WHEN THE LOOP IS 
MOVED OVER THE MAGNET. =: ae 
: WHEN THE CURRENT IS SWITCHED 
* OFF, THE FIELD LINCS COLLAPSE, 
AGAIN CUTTING ACROSS 
THE LOOP, 













4ESS...NOW LEt's 
REAL a THE 
MPOR TANT 
RESEARCH... How 
LUMPS IN THE SKULL 
AFFECT CRIMINAL 
TENDENCIB... 











HyTiovss FARADAY'S VISCOVERY WAS AT FIRST RECEIVED WITH 
INDIFFERENCE, TODAY ALL OUR ELECTRIC PoweR I$ GENERATED 
BY MOVING GIANT COILS OF WIRE NEAR MAGNETS | 


Be gee a cel 

eg 

- 

Uf ; / ee 

6 , ¢ 4 V i 7 rw a 

S44 LO ot MO 

. & 

qo x 


_— 












IT 1S ASTONISHING THAT JUST By ARRANGING 
COPPER AND STEEL IN A HYDROELECTRIC PLANT, 
FALLING WATER CAN ROTATE TURBINES WHICH 
GENERATE ENOUGH ELECTRICITY To Power 
CITIES HUNDREDS OF MILES AWhy!! 
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LET'S STUDY FARADAY'S EXPERIMENT FURTHER. WHEN WE MOVE THE 
MAGNET NEAR THE Loop, GENERATING CURRENT, WHERE DoS Tue 
ENERGY Come FROM To MOVE THE GALVANOMETER NEEDLE? 


INTHE WIRE, IT MAKES A MAGNETIC 


FIELD. THIS MAGNETIC FIELD MUST 
maa RESIST THE MAGNETS MOTION, $0 
WORK 14 DONE IN MOVING IT. 


\ | WHEN THE [INDUCED CURRENT FLOWS 
= ua 


CURRENT 'S 


WHEN RINGO THRUSTS THE ppb lrg 

NORTH POLE OF THE MAGNET  ‘®¢E HeRe COD) 
INTo THE Loop, THE CURRENT VN 

MUST FLOW IN A DIRECTION LD) NS: (A 


TO MAKE A NORTH PoLe | CCD» 
REPELLING THE MAGNET. om | 





TUS 19 KNOWN AS 


LINES (LAW 


INDUCED CURRENT FLOWS 
IN A DIRECTION To 
OPPOSE THE CHANGE THAT 
PRODUCED Ir. 





LENZS LAW 15 A CONSERUENCE oF 
ENERGY CONSERVATION. A 
USEFUL APPLICATION IS THE 


MAGNETIC BRAKE uses 


IN TROLLEYS. AN ELECTROMAGNET 


IS PLACED NEAR THE TRACK. 
THEN THe CURRENT IN THE 
ELECTROMAGNET INDUCES 

AN OPPOSING CURRENT IN THE 
TRACK, SLOWING THE TROLLEY. 
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1 ot a 


as. 


ae ae 


AOS) 


wa, 


a tine 


y ae 
VT a hed 
te A eoeal 


ESCRRED CHARTER 


KRoM AN 









LETS THINK THROUGH THE FARADAY 
EXPERIMENT AGAIN. 1 HOLD 
THE LOOP, RINGO THE MAGNET. 
WHEN | MOVE, 40 DOES THE 
GALVANOMETER NEEDLE. 


TUS 16 EDSILY UNDERSTOOD. 
THE WIRE WAS CHARGES. WHEN 
THEY MOVE, THEY FEEL THE 
Z\DEWAYS MAGNETIC FORCE 


| WHICH DRIVES THEM AROUND 


THE LOOP. 


lELD ~~ AARGNETIC 
ie elere ris. 


. 7’ 
Loo? NS roect 7 





MoTioN ==> 


BUT WHAT ABouT WHEN RINGO 


MOVES AND | STAND STILL? WE KNOW THAT A 


CURRENT [5 INDUCED, 
BuT BY WHAT? 
THE CHARGES ARE 
NOT INITIALLY 
MOVING, 50 HOW 
CAN THe MAGNET 
AFFECT THEM 2 


























\F ONLY MAONETI(C ANd 
ELECTRIC FIELDS CAN 
MOVE CHARGES, THERE 
MuST HAVE BEEN AN 
ELECTRIC FIELD, Too ? 









RINGO HAS DEDUCED WHAT 
IT TOOK EINSTEIN To | 
REALIZE. EINSTEIN SAW 
THAT, DEPENDING ON WHO © 
WAS MOVING, THE CURRENT 
IS SOMETIMES DUG To A 
MAGNETIC FIELD AND SOME- 
TIMES To AN ELECTRIC FIELD. | 


oc CHANGING 

MAGNETIC 

FIELDS CAUSE 
ELECTRIC 


FIELDS I 
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NOW AGAID... ONG MORE TIME--- WELL Do THE FARADAY EXPERIMENT... 
BUT THIS TIME IN OUTER SIGs, 50 WE CANT TELL WHO [5 
"REALLY" MOVING. WE KNOW ONLY THAT WE ARE MOVING. 


PeLATIvE To EACH OTHER. 









| THINK 1 AM STATIONARY, AND RINGO THINKS HE tS 

RINGO \S MOVING. | DETECT A STATIONARY AND | AM MOVING. 
MAGNETIC FIELD, BUT IT CAN'T HE DETECTS ONLY A MAGNETIC 
MOVE THE CHARGES, 50 THERE FIELD AND MOVING CKARGES, 
MUST BE AN ELECTRIC FIELD ALSO, WHICH ACCOUNT FOR THE 
CAUSED BY THE CHANGING INDUCED CURRENT. 


MAGNETIC FIELD. 


a.) ry 
a = fro LP, 
oats I -* ATI 





PHySICISTS USE B FoR MAGNETIC FIELDS. 


RINGO AND T 





DISAGREE ON = @p 
ARE PRESENT! $< 4 


\7l 


THiS 15 THE HALLMARK OF RELATIVITY TyCORY: TWO OBSERVERS 
Like RINGO AND ME, le THEY ARE MOVING WITH RESPECT To 
EACH OTHER, WILL DIGAGREE ON THEIR MEASUREMENTS OF 

KEY PUYSICAL QUANTITIES OF THE UNIVERSE! 





1) 


yA 


Re 


UERE'S AN EVEN SIMPLER ILLUSTRATION: A 4 CHARGE 
ZIPS “IWROUGLL SPACE PAST RINGO: = 


a / 


“/ 
RINGO SEES A MOVING CHARGE — BUT IE | AM MONING WITH 
hk CURRENT THAT GENERATES THE CHARGE, \ SEE \T AS 
A MAGNETIC FIELD. THE NEBLE STATIONARY. THERE (5 MO 
OF RINGOS COMPASS DEFLECTS | MAONETIC FIELD, AND MY 
COMPRESS 4 NOT AEECTED ! 
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were'S THE FINAL DEMONSTRATION: THEY REPEL EACH OTHER 

WATCH CAREFULLY | NOW CARRY = ELECTRICALLY — BUT RINGO 

TWO CUreces SIDE BY SIDE SEES THEM MOVING: Two 

PhST RINGO- PARALLEL CURRENTS, WHicH 
: KTTRACT MAGNETICALLY! 









BUT To ME, THE CHARCES ARE Mow L_LET Go OF THE CHARGES. 
STATIONARY, $0.1 SEE ONLY THEY FLY APART 
THE REPULSION. 





NOW THE STRANGE PART: Ringo Got THAT? RINGO, WHO IS 

SEES AN ATTRACTIVE MAGNETIC MOVING WITH RESPECT TO ME, 

ee ere MEASURES THE CHARGES’ OUTWARD 
E E To BE 

REPULSIVE ELECTRIC FORCE — tt ae SLOWER 

SO RINGO SEES THE CHARGES " 

Move APART MORE SLOWLY 


THAN | po! 





(7% 


HERE [5 AN APPARATUS FOr MEASURING HOW FAST THE CHARGES 


FLY APART. 





@ 
a 
> 
a 


PULLING TRIGGER A RELEASES BLOCKS B, STARTING Clock ¢ 
AND ALLOWING CHARGES Q To FLY APART, CHARGES STRIC 


CUPS D, STOPPING CLOCK C. 


WITH THE THING AT REST IN < BUT, AS WE JUST SAW, THE 
FRONT OF ME, Tut CHARGE, + SPEEDING RINGO SE A 
FLY APART QUICKLY, SAY (y  : MAGNETIC ATTRACTION THAT 
0.01 SETONDS - - DELDYS THE CHARGES’ FLYING 


APART. 











ringo menures h LOUea? WHE 


TURN | DO—4SAY 0.07 SEC, FOR 
THE CHARGES TD FLY APART! 

HE ALSO NOTICES THAT MY CLOCK 
TKS OFF ONLY O.01 SEL. IH Tuc 
TIME IT TOOK HIS Clock To 


REACH 0.02 SECONOS. CpncLoSiOn: 
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WHAT 15 RINGO To THINK? 

AS | SPEED BY, HE SEES My 
CLOCK TICK OFF 0.01 SECONDS, 
WHILE HIS TICKS OFF TWICE AS 
MUCH. THERE 15 ONLY ONE 
THING HE CAN CONCLUDE. 
RINGO DECIDES THaT— 


MY RAPID MOTION 
CAUSED MY TIME TO 
GLOw DOWN i 





EITHER THAT, oR 


THAT [5 JUST ONE OF THE WEIRD CONCLUSIONS OF 
RELATIVITY THEORY. AND THERE ARE MORE. ACCORDING 
TO EINSTEIN, A STATIONARY OBSERVER SEE THE 
FOLLOWING EFFECTS ON RAPIDLY MOVING OBJECTS: 


¥ TIME SLOWS DOWN 
* LENGTRS DECREASE 


(IN THE DIRECTION OF MOTION) 
x MASSES INCREASE 


IN OTHER WORDS — 


SOME OF OUR M 
CHERISHED IDEAS ipa 
SPACE AND TIME ARE 

RELATIVE, NOT ABSOLUTE! 





WE SAW THAT THE EFFECT OF TIME 
DILATION (5 DERIVED FROM 
BASIC, OBSERVED FACTS ABOUT 
ELECTRICITY AND MAGNETISM . 
THE PHYSIZISTS OF THE LATE 
NINETEENTH CENTURY ALREADY 
KNEW THAT THEIR E.M. EQUATIONS 


DID WoT AGREE WiTH NEWTON'S 
MECHANICS, AND MOST OF THEM 
THOUGHT THE ANSWER WAS To 
MODIFY THE ECDUATIONS IN 
SOME WHY... 


... BUT OWLY EINSTEIN SAW 
THAT THE ANZWER WAS To 
REVISE THE VERY Conceprs 
OF SPACE AND TIME... 










oCMAPTER Zile 


INDUCTORS” 


i 


AN \WWOUCTOR 19 SIMPLY A Colt oF WIKE. 
GONETIMES IT MAY SURROUND DN [RON CORE , 
To INCREDSE MAGNETIC EFFECTS. ITS 
ELECTRIC SYMBOL (9° 


{6000 _(B8855)_ 


\wouctoR Lb iNOUCTOR LL. WITH 
IRON CORE. 


<<—— 





IF & CURRENT FLOWS TWRouH | IE THE CURRENT IS CHANGED, 


hn INDUCTOR, A MAGNETIC MDGNETIC FIELD LINES CUT 

gdh ov \T, a OF Tuc 
Ze | SAPIMBUCTANICE 
( ( \ EFFUCT. 

RN / 






C (yes \ 


4 al \ 
“rhe ™~ Ou) 
/ f \ ——) => a WK 


BY LENZS LAW, THE INDUCED bv ane aa UP 7 
EMF OPPOSES THE CHANGE THAT | THOUSANDS OF VOLTS. fo 
TURN ON THE CURRENT IN THE |  7WETCH. THIS EME CAN SHOOT 
(O(L, THE SeLE-NpuceD EMF bh SCARK THROUGH THE MR, 
RESISTS | AND THE CURREDT CAN KEEPING THE CURRENT 

ONLY BUILD UP SLOWLY. IF Yu | FLOWING FOR A MOMENT. 
TRY To TURN IT OF , THE 
Sur INDUCeD EMF TRIES To 
KEEP THE CURRENT FLOWING.- 
















Lp IN THE IGNITION CIRCUIT 


3 THE EFFECT Io EX?LorteD 
OF AN AUTOMOBILE. 


THE “Coll” WAS TWO WINDINGS, 

h PRIMARY WINDING OF, SPY, ROSS . 2 

h RUNDRED TURNS OF MEDUM-SIze> = MA ny 
Vis 


TD 
WIRE, ANd & SECONDARY WINDING EU 
OF THOUSDNDS OF TURNS OF FINE 


creahiolks 
WIRE- TWE PRIMARY IS 3 
ENERGIZED TUROUGH THE “POINTS” BY TRE 12-VoLT BATTERY. 


WHEN THE POINTS OPEN, SWITCHING OFF THE CORRENT IN 
THE PRIMARY, THE COLLAPSING MAGNETIC FIELD INDUCES 
CURRENT IN THE SECONDARY. THE MANY TURNS AMPLIFY THE 
INDUC) EMF, AND GENERATE A MOMENTARY PULSE oF NEARLY 


FOO0O VeIsy? 


i 


THIS (5 DIRECTED BY Tue 
DISTRIBUTOR To THE 

SPARK PLUG, PRODUCING & 
SPARK WHICK IGNITES THE 
GASOLINE. IN THIS WEY, A 

12 -VolT BATTERY 19 AMOLIRED 
TO A WIGK-VOLTAGE SPARK. 
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[ix ae pre 





So FAR WE'VE BEEN Looking ONLY AT DC —DdiRecr 
CORRENTE. A FLGW OF CHARGE IN ONE DIBECTION DOWN 
Kh WIRE. 


A Qo Qa Q> QO 


BUT we USUALLY USE AC —ALTERNATING CURRENT, IN 
WHICH THE FLOW |S CONSTANTLY CLANGING DIRECTION, 
IN YOUR HOUSE WIRING, WHICH 15 AC, IT REVERSES 
VIRECTION [20 TIMES EVERY SECOND! 










ca cm ° 
Si Xe 
Ca ee 


| a 


1 CAN GENERATE AN ALTERNATING 
CURRENT BY 4SPINNING THIS 

EGGBEATER-LIKE |NDUCTOR IN A 
PERMANENT MAGNETIC FIELD. IT 
DEVELOPS A CURRENT AS IT CUTS 


ACROSS THE MAGNETIC FIELD 
LINES. 














-AND THEN THE OTHER, 
A WNLE TURN LATER. 


THE CURRENT ALTERNATES 
BECAUSE THE LooP CUTS THE 
FIELD LINES FIRST ONE WAN... 








THE AC THyS 
GENERATED 
CAN BE TAKE 
OFF BY 
SLIP RING 
"BRUSHES." 
THIS t§ HOW 
i OF 


OV 
es 
GENERATED. 


CAPRCITORS AND INDUCTORS 
WANDLE AC AND Dc 
DIFFERENTLY. THE INDUCED EMF 
IN AN INDUCTOR OPPOSES 
CHANGES IN CURRENT FLOWING 
IN (IT. SINCE AC 15 ALWAYS 
CHANGING, THE INDUCTOR 


RESISTS THE FLOW OF AC. 


ON THE OTHER HAND, 
DC FLOWS RIGHT 
THROUGH AN INDUCTOR. 





DC, OF COURSE, WON'T FLOW THROUGH A CAPACITOR— THERE 
16 No CONNECTION BETWEEN THE CAPACITOR PLATES. BUT 
AC CAN “GET THROUGH" A CAPACITOR! fore (hes 





IT WORKS LIKE THIS: CHARGE MOVES BACK A¥D Fort IN THE 
CIRCUIT, ALTERNATELY CHARGING A PLATE, DIZCHARGING IT, AND 
RECHARGING IT THE OPPOSITE WAY. THE CURRENT APPEARS To 





CRO% TWE GAP. 
= + 
+4 e+ -— -~> +4 
x + ay —_}\ {t+ 
al < | | | ; 
1. 2. 3. 


Iga 


AN INDUCTOR'S 
RESISTANCE To 
AC oives tv h 
KIND OF INERTIA. 
IN FACT, AN 
INDUCTOR \5 AN 
ELECTRICAL 
ANALOG OF A 
MASS. 














lE AN INDUCTOR [5 MASSLIKE. A CAPACITOR 15 SPRING 
WHEN You TRY To PUMP CURRGE To AN ALREADY a 
PLATE, IT PUSH BACK—LIKE A SPRING. 


. + = 
+ = — CAPACITOR 
‘a +4 _ = REPELS ADDED 
A = 
is - CHARGE 


SPRING REPELS 
ADDED PRESSURE 














Connect AN 

INDUCTOR AND A 

CRRACITOR IN AN C 

AG CIRCUIT, AND 

You WAVE THE L 
ELECTRICAL EQUIVALENT 

OF —A aos 

ON K SPRING | > 


IS% 


LIKE A SPRING AND MnSS, THE4E 
LC CIRCUITS TEND 70 VigRPTe 
KT A PREFERRED C'RESONANT") FREQUENCY. 


——X} 1) GOV 





TIME 





SPRING #4 Hou sreSeeeyy) 
—&) 9) —etttit > — TIME 
SARING 49. Uiok FREQUENY 











CIRCUIT GAN 
Be USD (WITH AW ENERGY 
SOURCE) To GENERDTE A 
SPECIFIC FREQUENCY OR 
To TUNE ONE IN £5 
Is YOUR RPDIO. 





HELLO, AND WELCome 
To ANOTHER GoRinG 
TRoGRAM FROM 
AN 0@So0LETE 
Medivh... 






RECALL THE TWO INDUCTION ¢aILs 
Gens) FROM THE FARNDDY EXPERIMENT 
(COR FROM YOUR CAR STARTER). 
CURRENT WAS INDUCED IN Coll #2 
ONLY WHEN THE CURRENT To 
Coir. #{ WhS TURNED OW OR OFF. 
ONLY CHANGING CURRENT CAN 
wml = INDUCE CURRENT. 


zt 










\ 6TIT: AC 
ALWAYS INDUCES 
CURRENT. So What? 






THE BEST PART IS THIS: THE 


INDUCED VOLTAGE _!5 
PROPORTIONAL To THE 


TURNS RATIO: 


THE MORE TURNS IN CoIL#2, 

ComPhRED To COIL #1, THE 
WIGHER THE VOLTAGE INDUCED 
IN COIL 2 ° 


HiGu 
VOLTAGE 


IS5 


THE SECONDARY, THE MORE aa \5 
CUT BY THE CUANGING MAGNETIC. 
FIELD LINES, THE MORE EMF (3 
GENERATED. \€ 


\¢ ‘\ \T 15 NOT WARD TO SEE WEY - 


Hix 


r) Nags N, = NUMBER OF TURNS IN PRIMARY 
STEPPING 0? esta 


Nc = NUMBER oF TURNS IN SECONDARY 
\é THEN 


wy 


STEPPING DOWN VoLTAGE 





THE RESULTING DEVICE, FOR STEPPING 
VOLTAGE UP OR DOW N, I5 CALLED A 


TRANSFORMER 


WITH THE SYMBOL 


Looks LIKE 
l 
Sle é wane 


Ab ae WORKS ORLY 


A TRANSFORMER “TRANSFORMS VOLTAGES 

UP OR DOWN —AND NO, YOU CAN'T 

GET SOMETHING FOR NOTHING. THE 

POWER OUTPUT OF THE SECONDARY 2 - Y ° 
COIL CAN NoT EXCEED TKE POWER OUT = wi 
INPUT OF THE PRIMARY: IN OTHER 


You Must tee DOWN THE —_ CONSERVATION 
0 STE? DOWN THE 
CURRENT. ENERGY 1 





THI6, THEN, 1S THE 
GREAT ADVANTAGE OF 
ALTERNATING CURRENT : 
(TS VOLTAGE CAN GE 
EASILY STEPPED UP 
OR DOWN. 





THIS 15 ESPECIALLY IMPORTANT BETWEEN POWER GENERATING 
STATIONS AND THe CUSTOMERS THEY SERVE: 





THE TRANSMISSION WIRES HAVE A RESISTANCE V) 50 THERE 15 A 
VOLTAGE DRoP V=ir AND POWER L0% P= {Y= i279 ALONG Tue 
LINE - HIGH CURRENT 1, ENORMOUS AMOUNTS OF POWER ARE 
















TUPT'S BY STEPPING UP To VERY 
+R ANCEORNEES HIGH VOLTAGE (MORE THAN 
CONE IN! 100,000 VOLTS!) AT THE 
ZOURCE, CURRENT 1S 
REDUCED IN THE WIRES, AND 
THE POWER Log, IS MINIMIZED - 
THEN, AT THE USER'S END; 
VOLTAGE © STEED DOWN 
TO A RELATIWELY SARE 
220 OR (10 VOLTS. 


‘Juice: VOLTAGE 
TRANSPORMED 
To {tie VOLTAOE 
= 











Low CURRENT, HIGH VOLTAGE 
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OUR HUGE ELECTRIC 
POWER SYSTEM 15 

ALL DUE TO THE 
HUMBLE TRANSFORMER. 






BVT WATCH FoR 
TECHNOLOGICAL 
PROGRESS ! 


StoP... Watt... | 
OWLy WANT To 
KILt You... 






WITH THE INVENTION OF HIGH- TEMPERATURE 


SUPERCONDUCTORS 


AND HIGH-TECH DEVICES FoR TRANSFORMING 


DC vortages, WE MAY SEE SOME 
DC POWER LING IN CoMING DECADE. 
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(CHAPTER 23¢ 


MAY WELCS EQUATIONS 
AND LIGA (AND How!) 


4 4 
® AY —> 
\ Fool Slt 
- YS WA SY SA 
f Y J! 3 4 \ 
L YY vre® y 4g % 
eS TECHNICALLY SPEAKING, THE ELECTRIC AND 





Ae MAGNETic FIELDS ARE VECTOR FIELDS ~- 
tM AV FIELDS WITH A MAGNITUDE AND DIRECTION 

AT EVERY POINT. To DESCRIBE A \IECTOR FIELD, 
You Must SPECIFY HOW THE FIELD SPREADS OUT 02 DIVERGES, 
AND HOW IT CIRCLES AROUND, OR CURLS. (piveRGeENce 
AND CURL ARE MATKEMPTICAL TERMS.) 


IN 1873, JAMES CLERK 


MAY WELL 


WROTE DOWN 

FOUR EQUATIONS 
WHICH SPECIFY Tue 
CURL AND DIVERGENCE 
OF THE ELECTRIC AND 
MAGNETIC FIELDS - 





MAXWELUS FIRST EQUATION 1% THE SECOND EQUATION 15 
Gauss LAW. 'T SAYS THAT FARADAY'S LAW: ELECTRIC 
ELECTRIC FIELD LINES FIELD LINES CURL AROUND 
DIVERGE FROM POSITIWE CHANGING MAGNETIC FIELDS, 
CHARGED AND CONVERGE CHANGING MAGNETIC FIELDS 
TO NEGATIVE CHARGES . INDUCE ELECTRIC FIELDS. 


al Al eC 


mpd —>—-CO¢ 


MAGNETIC 


y FIELD 








ELECTRIC 
FI(ELp 





THE THIRD EQUATION SAYS THAT | Finally, THE LAST EQUATION 
MAGNETIC FIELVS NEVER S45 THAT MAGNETIC FIELD 
DIVERGE OR CONVERGE. THE LINES CURL AROUND ELECTRIC 
RUWIDYS GO IN CLOSED CURVES. | CURRENTS. WE HAVE ZEEN 
THAT A MAGNETIC FIELD CIRCLES 
AROUND A CONDUCTING WIRE. 


-98.900- 


... AND HERE 
MAYWELL HAD 
A CRITICAL 
BRAINSTORM! 
(AN ELECTRICAL 
STORM, OF 
Course!) 
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hS You SEE, THE EQUATION? CONSIDER A CAPACITOR BEING 
EXPRESS LAWS THAT CAME To CHARGED: AS THE CURRENT FLOWS 
MAXWELL FROM OTHER ZOURCES. | TO THE CAPACITOR PLATE, A 

BUT MAXWELL'S GENIUS WAS WAONETIC FIELD RINGS THE WIRE. 
TO SEE THAT LAW #4 WAS BUT WHAT ABOUT BETWEEN THe 
INCOMPLE TE- TE 2 


“a 18s 


No MAGNETIC FIELD HERE? 





DOES THE FIELD WORD, 
STOP ABRUPTLY QOH -OU. 
PLATES WHERE 
L ' ER) x Ji” 
THE CORRENT StoRs? GDR ae 
MAXWELL SAID — kG ap 
aX 
MAXWELL FET THAT NATURE THU, MAXWELL AVVED AN EXTRA 


DISLIKES DISCONTINUITIES. AL90, | “TERM TO HIS FOURTH EXQUATION, 
HE REMSONED THAT Ie CHANGING | SAYING THAT MAGNETIC FIELDS 
MAGNETIC FIELDS INDUCE ALSO CURL AROUND CHANGING 
ELECTRIC FIEL?S CEARADAY), TREN, | ELECTRIC FIELDS. THId TERM 
SYMMETRICALLY, CURNGING ELECTRIC | GENERATES A MRONETIC FIELV 
FIELDS MIGHT INDUCE MAGNETIC BETWEEN THE CAPACITOR PLATES 
FIELDS. THERE WAS NO EVIDENCE AS THE ELECTRIC FIELD BUILDS UP. 


FOR Tio, OF COURSE, BUT... 204 4 i 15- 


SOME YEARS LATER, THIS 
MAONETIC FIELD \NAS DETECTED. 





$0, WITHOUT FURTHER snd HERE ARE 


MAXWELE'S EQUATIONS 


IN FULL-BLOWN MATHEMATICAL NOTATION 
To THRILL AND INTIMIDATE You! 









V: -E = =A ( p ORER ° irk — 
DENSITY , E =ELECTRIC FIELD) FA 

DIVERGES OUTWARD FRoM PLUS ie 
AND INWARD To MINUS GES 









4 rs 1B (B = maonetic FIEL») 
E 


Spy E CURLS i. CHANGING FB FIELDS. 
(¢ = SPEED OF LIGUT) 






ae 





V-Bz=O 405 B never 


DIVERGES, RUNNY LOOPS AROUND. 







es ts 
VxBa42J +i 
StS B CURLS AROUND CURRENTS 
(J = CURRENT papi AND 


rt (@e 





THAT ONE LITTLE TERM 

ADDED TO MAXWELL'S FOURTH 
EQUATION HAD AN UNEKPECTEV 
PAYOFF —AND A BIG ONE 










\MAGINE A SINGLE ELECTRIC CHARGE BEING VIBRATED: 
‘ IN THE SPACE NEAR THE 
VIBRATING CHARGE, THE 
rine ag rapa Sie 6 
oe (NG, 40 IT INDY 
(@))) . ‘ " MAGNETIC FIELD CURLING 
= AROUND IT. 





BUT THE MAONETIC FIELD 


IS ALSO CHANGING —4So 

IT INDUCES MORE ELECTRIC 

FIELD, WHICH INDUCES || J 
MORE ev FIED... 


ol 








THE RESULT 15 A 


Walz 


OF FIELDS RIPPLING 

OUT FROM THE 

VIBRATING i 
CHARGE —AT THE , 
SPEED OF LIGHT. 

ACCORDING To 

MAXWELL'S 

CALCULATIONS! 
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MAXWELL HAD 
A FLASH OF 


) (] | ILLUMINDTION: 

LIGHT 

ITSELF, HE 
HYPOTHESIZED, 


ELECTRO: 
ii 


Soo\ AFTERWARD, HERTZ AND OTHERS Dip INDEED PRODUCE 
LONG ELECTROMAGNETIC WAVES FRoM WIGGLING CHARGES — 
AND DETECTED THEM AT A DISTANCE FROM THE S0uRCE! 

SIGH AND. | 

WAS HOPING FOR 

TOP 40 RAnio-: 





IT WASN'T LONG BEroRE A 
WHOLE SPECTRUM OF THESE WPIES 
WAS FOUND — FROM RADIO WAVES 
To MICROWDVES To INFRARED To 
VISIBLE LIGHT To ULTRAVIOLET To 
X-RAYS AND NUCLEAR GAMMA 
RADIATION- IY FOUR EQUATION , 
MAXWELL NOT apes Bic nt 
ELECTRICITY AND MBONETISM, BOF 
kLSO ENCOMRSS£p LIGT AND 
ORTICS! NoT Bhd! 





QUANTUM 
SLECTRODYINLNIE 


NOW WERE GOING To 
FIND OUT WHAT 
CHARGE "REALLY 15.” 


WEIRD. THAT' 
WHAT (T ay : 


C4 
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= SAW TWAT ELECTROMAGNETIC 
THEORY ALREADY CONTAINS 

RELATINTY (SEE P.176), 

WHEN QUANTUM MECHANICS [6 


a tl - THEORY BECOMES 


ea UM 





TO DISCUS THI5, WE WANG To 
Shy A LITTLE ABouT 
QUANTUM MECHANICS, THE 
Now USES To DESCRIBE THE 
WoRLD. AMONG ITS 


STRANGER IDEDS ARE THESE: 





% LIGHT 1S MNDE. Ue OF 
MAS45LE% PARTICLES CALL 
PHOTONS. wis t5 0-K., 
BECASE PARTYLG CAN 
ACT LIKE WAVES. 


* NATURE 15 INKERENTLY 
UNCERTAIN. IN PARTICUAR, 
IT 16 TAPOSABLE To 


SPeuiry & PaRTICLE’s 
PREM Ha Ate 


POATION AT THE SANE 
TIME. 


50 LET'S Go BACK To THE POINT WHERE Two Positive 
CHARGES WERE REPELLING EACH OTHER. WE WONDERED vow 
THE ELECTRIC FORCE GETS ACROSS SPACE? 


Oe © 


QUANTUM ELECTRODYNAMICS SAMS THAT THE FoRCE IS CAUSED BY 
PARTICLES PASSING BETWEEN THE CHARGES — PARTICLES 

OF LIGHT, OR PHOTONS. THESE PHOTONS HAVE ENERGY Gur 
No MAS, AND THEY TRAVEL AT THE SPEED OF LIGHT. 


OO 


PKOTON 


THE STRANGE PART (5 THAT THESE ARE NOT “REAL’ PROTONS 
LIKE THE OWES You SEE WITH Your eves, BUT VIRTUAL 
PHOTONS — A SORT OF GHOSTLIKE PARTICLE THAT VIOLATES 
THE CONSERVATION OF ENERGY AND “EXIST?” FOR ONLY A 
LIM(TED TIME. 





THE FORCE 1S QuaNTUM MECHANICAL IN NATURE, BUT A CLASSICAL 

ANALOGY 1S THAT WHEN ONE CHARGE ENECTS A PHOTON , IT RECOILS 
SLIGHTLY. WHEN THE OTHER CHARGE CATCHES IT, IT ALSo RECILS. 
THE NET EFFECT OF Mand SuG EXCHANGES [5 A REPULSIVE FoRcE/ 


LIKE TWo 
YEORLE OW ROLLER 
SKATE, PASSING 
K BASKETBALL! 
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WHAT ABOUT THESE “VIRTUAL PHOTONS? EVEN & SINGLE CHARGE 
HAS A CLOUD OF VIRTUAL PHOTONS AROUND IT. THE CHARGE 
CONSTANTLY CREATES, EJECTS, AND AB4ORES VIRTORL PKOTONS. 














SC GY OBND THI6 15 THE 
WHOLE QED Picture 
(ALMOST 1). 


KKK KK KK HH 
AND THE ELECTRIC 
FIELD 19 NOTHING 
BUT THE VIRTVAL 
PROTOY CLOUD! 


He 4 oe HH OM 





THE STRANGEST PART OF THIS, OF % 3 
COURSE, (9 THAT THE VIRTUAL PHOTONS  COuTRAOEYS: ) 
Come “PROM NOWHERE.” THAT 16, ) 
AFTER A VIRTUAL PHOTON 15 CREATED, 
THERE 15 MORE TOTAL ENERGY THAN 
THERE WAS BEFORE Iv EXISTED: THE 
ENERGY OF THE ORIGINAL PARTICLE 
PLUS THE ENERGY OF THE PROTON. 
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TWIS VIOLATES 
THE 


Or CONSERVATION 
OF ENERG4' 








THIS 15 WHERE QUANTUM 
UNCERTNINTY (ONES 
\N- 


ONE FORM OF THE 


UNCERTAINTY 
PRINCIPLE 


5 Tus: You CANNOT MAKE AN EXACT DETERMINATION OF ENERGY 
AND TIME SIMULTANEOUSLY 


RID IN 


XK nA 
CA (i= 
CCN) 


NN 


THIS MEANS THAT THE ENERGY ACCOUNT 
CAN BE UNGALANCED —BUT ONLY FOR 
h TIME. A LARGE ENERGY DEFICIT 
MUST BE MADE UP IN A VERY SHORT 
TIME, WHILE A SMALL DEFICIT CAN 
"SIT" FOR A WHILE. (MATHEMATICALLY, 
AE: At 2b: THE PRopuct OF THE 
ENERGY VIOLATION TIMES THE TIME OF 
THE VIOLATION CANT BE LESS THAN A 
CERTAW SMPLE WUMBER be.) 








IN OTHER WORDS, A 


VERY ENERGETIC VIRTUAL (wee) 
PHOTON, ONE WITH A LARGE “ig 
Kick, CAN'T GET FAR, EVEN 
AT THE SPEED OF LIGHT, > 





BUT MUST BE REABSORBED ; 
QUICKLY ‘To BALANCE THE as 
ENEROY::- HERE! 








WHEREAS A LOW-ENERGY PHOTON CAN TRAVEL FARTHER. 


LG 


THE SMALL ENERGY VIOLATION CAN BE TOLERATED LONGER. 





THIS EXPLAINS WHY THE ELECTRIC FORCE 


GROWS WEAKER WITH DISTANCE! 


VV! NOT Mu 
© 


PHOTONS WITH & BIG KICK CAN'T SET FAR To DELIVER THEIR 
ENERGY. WHEN THE MATA IS WORKED OUT, WE GET THE 
FAMILIAR? INVERSE SQUARE LAW OF CLASSICAL PAYSICS. 
AND THERE'S NO LOWER LIMIT ON THE ENERGY OF A 
VIRTUAL PHOTON. A VERY LOW-ENERGY ONE CAN LAST FOR 
YEARS, PND TRAVEL LIGHT- YEARS. THE RANGE OF THE 
ELECTRIC FORCE [5 UNLIMITED ! 














wart! ) 

/ TWIG THEORY $h45 THAT 
ELECTRIC FIELOS ARE 
CLouDS OF VIRTUAL TKOTONS - 
DARTICLES TART AREN'T EVEN 

VREALI™ \e ALL THESE 
GHOSTS Do 18 EXPLAIN INKAT 
WE ALREADY KNOW, THEN 


HAT G00D 
Wie nie 7 


WOW Do WE KNOW THEY 
RRE “REALLY THERE?” 










SUPPOSE WE KNOCK THE 
CHARGE AWAY FROM \TS 
VIRTUAL PHOTONS, SPY BY 
HITTING IT WITH ANOTHER? 
PARTICLE - 


THERE 1S A WAY To MAKE 
VIRTUAL PHOTONS REAL! 
HERE'S A CHARGE (N ITS 
CLOUD OF VIRTUAL PHOTONS: | | 





S0 THEY BEComE REAL, FLYING 
AWAY With THE ENERGY 
PICKED UP FROM THE CoLLlson. 


Oo 


THE VIRTUAL PHOTONS ARE 
| ORPHANED, WITHOUT THEIR 
SOURCE CHARGE To REAESORG 





IF WE SUAKE OR | THIS 15 How X-Rays ARE 
MONE A CHARGE | MADE: SHOOT ELECTRONS INTO 
REAL PHOTONS A HEAVY METAL , WHERE THEY 





SHOULD COME ARE JERKED To A STOP. 
THEIR VIRTUAL PHOTONS FL 
FLYING Our! OUT KS REAL X-RAYS. ' 


ELECTIOMS 





LOD 





AND X-RAYS ARE 
REAL ENOUGK! 


THC PHOTONS NEEDN'T BE X- (PAYS. Kh RADIO TRANSMITTER MGOLES 
ELECTRONG, SHAKING OF PROTONS, WeicH You Pick UP WIT YOUR 
RECEWER. IN A LIGHT BULB, ELECTRONS I THE HOT FILANEAT 
SHAKE OFE VISIBLE LIGAT PHOTONS. AS WE HAVE SEEN FROM THE 
CUMSSICAL THEORY, WHENEVER A CHARGE 15 ACCELERATED, AN 
ELECTROMAGNETIC WAVE — VIRTUAL PHOTONS MADE REAL — 
RAVIATE OUT. MOST OF THE FAMILIAR SOURCES OF RADIATICN 
SUAKE TUERR PHOTONS OUT OF THE VIRTUAL CLOUDS OF CHARGES. 


THA GIS FIREFLY 4 hy 





FIRE X-RAYS 
iW eee p x Va “1, 
7 UT 7 | 4 
MICROWAVES Tae BomMs 
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IE THE QUANTUM THEORY 
PREDICTED ONLY 
FAMIL(AR EFFECTS, IT 
WOULDN'T BE MUCH TO 
GET EXCITED ABOUT. 


BUT IT DOES | 
IT ALSO PREDICTS 
NEN REAULTS. 





FOR EXAMPLE, IT IMPLIES TINY DISCREPANCIES FROM THE CLASSICAL 
THEORY: DEVIATIONS FROM THE INVERSE SQUARE LAW AT VERY 
SHORT RANGE, DIFFERENCES INN THE MAGNETIC FIELD OF THE 
ELECTRON, AND MORE. THESE EFFECTS HAVE BEEN CONFIRMED 
BY DELICATE EXPERIMENTS, GIVING US COMFIDENCE THAT We 
NOW HAVE THE CORRECT THEORY OF THE ELECTROMAGNETIC 
FORCE . 


os 
— 


Ain 
HE 


ay 
) 


| 





THE WHOLE \DEA OF FORCES BEING CARRIED BY “EXCHANGE 


PARTICLES” LIKE PHOTONS HAS BEEN BROADLY EXTENDED IN 
PUYSICS. THE PHYSICIST'S MOTO: 







\F \T WORKS, 
ONCE, TRY IT Ane en 
AGAIN... , A ae 


THE STRONG NUCLEAR FORCE, 
WHICH BINDS PROTONS TOGETHER 

IN THE NUCLEUS, 16 NOW DEeCRised 
BY AN EXCHANGE OF PAITICLES 
CALLED MEGONS. THe WEAK 
NUCLEAR FORCE WAS BEEN UNIceD 
TO THE ELECTROMAGNETIC FORCE 


BY THEOKIZINO, AND THEN FINDING, GENERC “FEYNMAN 
"BROTHERS OF Tut PHOTON DIAGRAM" OF PARTICLE 
TWAT CARRY TWE FORCE. EXCHANGE 





NOTE~ THESE 
EXCHANGES CAN 
ATTRACT AS WELL 
AS REPEL! 







(A 






q 
é 
a 


THE FORCC BETWEEN THE QUARKS WHICH MAKE UP THE NEUTRONS 
AND PROTONS 15 ALSO THEORIZED TO CoME FROM THE EXCHANGE 
OF PARTICLES CALLED GLUONS. 





GLUE 
\ AND GRAVITY...2 


AU, GRAVITY... GRAVITY SHOULD BE CAUSED By Tye 
EXCHANGE OF ORAVITONS «.. BUT We Don't 
EXPECT TO SG ANY GRAVITONS SOON. THE 
GRINITATIONAL FORCE IS JUST Too WEAK. IT TAKES 
A WHOLE MOON OR PLANET To EXERT AN APPRECIABLE 
GRAWTATIONAL FoRCE. BUT WE'RE CONFIDENT THE 


GRAUITONS ARE “THERE. * 





GRAV ae 
CENLARGED) 
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PHYZICIOTS STILL BELICNE THAT ALL THE FORCES 
OF NATURE RESULT FROM We EXCHANGE Of 
OnRTILLES. BY RELATING THA PARTICLES, 
We WORE To DeIELOP A UNIFIED PICTURE OF 
ALL PORCH with A SMALL LIST OF RUG 
WHICH [ULE DESCRIGE THE BM OF — 
WVERYTHING- 






gaeeog 
2 = 
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AC. See Alternating current. 
Acceleration, 7-13 
forces of, 9-11 
rate of, 14-15 
rotational, 90 
Accelerators, particle, 155 
Accelerometer, 10 
Air friction, 58 
Alloys, 163 
Alternating current (AC), 180-88 
capacitors and, 182-84 
Ammeter, 138 
Ampere, Andre-Marie, 157 
Amperes, 130 
Amps, volts and, 140-41 
Aristotle, 18-19 
Atomic force, 62 


Battery, invention of, 128-29 
“Big bang” theory, 46, 82 
Billiards, 89 

Brake, magnetic, 168 


Camera, capacitors in, 126 
Capacitance, formula for, 124 
Capacitors, 123-27 
alternating current and, 182-84 
in camera, 126 
Centrifugal force, 60-61, 63 
Centripetal force, 60-61, 155 
Charge, electrical, 105-16, 198 
Chemical energy, 82 
Circles, as orbits, 44 
Circuits, in parallel, 145-46 
in series, 142-44, 147-48 
Collisions, 84-89 
billiards and, 89 
elastic, 88-89 
inelastic, 86-87 
momentum and, 68, 70 
Compass, 150 
Conductors. See also 
Superconductors. 
electrical, 110 





factors affecting, 133 
Constant, of proportionality, 124 
Coulomb, Charles, 111 
Coulomb’s law, I11 
Coulombs, volts and, 121 
Couplers, railroad, 86 
Curls, in vector fields, 189-91 
Current, 130-41 

alternating, 180-88 

capacitors and, 182-84 

conventional, 130 

direct, 180-88 

inductors and, 182 
superconductors and, 188 
measurement of, 138 
real, 130 


DC. See Direct current. 
Deceleration, 9-10 
Differential equation, 43-44 
Direct current (DC), 180-88 
inductors and, 182 
superconductors and, 188 
Divergence, 189-90 
Domains, magnetized, 162-63 


Einstein, Albert, 15, 41, 169 
Elasticity, 84-85 
collisions and, 88-89 
Electric current, 130-41. See also 
Current. Electric 
fields. See Fields, electric. 
Electricity, charges and, 105-16 
ground for, 116 
magnetism and, 152-59 
Electrodynamics, quantum, 196-207 
Electromagnet, 159 
Electromagnetic fields, 189-91 
inductors and, 178 
Electromagnetic waves, 193-94 
Electromagnetism, as basic force, 62 
Electromotive forces (emf), 165-66 
Electron volt (eV), 127 
Electrons, 107, 109 
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Electrophorus, 115-16 
Electrostatic forces, 111-12 
Ellipses, 44-45 
emf. See Electromotive forces. 
Energy, 73-82 
chemical, 82 
conservation of, 79-80 
definition of, 76 
as heat, 80-81 
kinetic, 77-78 
collisions and, 88-89 
heat and, 85 
muscles and, 82 
potential, 77-78 
electrical charges and, 120-21 
radiant, 82 
as sound, 80 
types of, 82 
watts and, 140-41 
Equation, differential, 43-44 
eV. See Electron volt. 
Explosions, momentum and, 68, 70 


Falling bodies, 14-18 
Faraday, Michael, 124, 164-65 
Faraday induction, 164-68 
Faraday’s law, 190 
Farads, 124 
Ferromagnetic elements, 161 
Feynman diagram, 205 
Field(s), electric, 117-22 
capacitors and, 126 
electromagnetic, 189-9] 
inductors and, 178 
gravitational, 117-18 
lines, 119 
magnetic, 149-63 
vector, 189-91 
Flash unit, capacitor in, 126 
Foot-pound, 76 
Force(s), atomic, 62 
basic, 62 
centrifugal, 60-61, 63 
centripetal, 60-61, 155 
electrical, distance and, 108 
electromotive, 165-66 
electrostatic, 111-12 
fictitious, 59-61 
inertia and, 92 
internal, 70 
motion and, 18-21 
subatomic, 62 


vectors and, 52-53 

weight and, 50-52 

work and, 74 
Franklin, Benjamin, 107 
Friction, 51-52 

air, 58 

force of, 21 

types of, 57 
Fusion, nuclear, 82 


Galileo (Galileo Galilei), 14-15, 17, 
19-2] 

Galvanometer, 165 
Gamma rays, 114, 194 
Gauss’s law, 190 
Gluons, 205 
Gravitational field, 117-18 
Gravitational potential, 121 
Gravitons, 106 
Gravity, 24-29 

artificial, 63 

force of, 62, 111-12 

law of, 26-27 

properties of, 15 

sensation of, 62 

tides and, 28-29 

weight and, 30-31 
Ground, electrical, 116 
Guns, recoil of, 68-69 


Heat, as energy, 80-81 
kinetic energy and, 85 
magnets and, 163 

Hydroelectric power, 167 

Hyperbolas, 44 


Impulse, momentum and, 64-67 
Induction, Faraday, 164-68 
Inductors, 177-79 
direct current and, 182 
Inertia, 22 
fictitious forces and, 59-60 
rotational, 90-92, 94-95 
force and, 92 
mass and, 91 
Infrared waves, 194 
Insulators, electrical, 110 
Ion, 107 


Joules, 76, 121 
electron volts and, 127 
watts and, 140-41 
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Junction theorem, 146 


Kepler, Johannes, 45 

Kinetic energy, 77-78 
collisions and, 88-89 
heat and, 85 

Kinetic friction, 57 

Kirchhoff’s first law, 144 

Kirchhoff’s second law, 146 


Lenz’s law, 168, 178 

Levers, principle of, 92-93 
Light, wave theory of, 193-94 
Loop theorem, 144 


Magnesia, 149 
Magnetic brake, 168 
Magnetic fields, 149-63, 153-56 
types of, 160-61 
Magnetic poles, 150-51 
Magnetism, electricity and, 152-59 
Magnets, heat and, 163 
permanent, 160-63 
Mass, inertia and, 22, 91 
weight and, 30-32 
Maxwell, James Clerk, 189-94 
Maxwell’s equations, 189-94 
Mechanics, science of, 73 
Mesons, 205 
Microwaves, 194, 203 
Momentum, angular, 94-95 
skating and, 94-95 
torque and, 98 
conservation of, 68-72 
impulse and, 64-67 
Motion, 3-13 
force and, 18-21 
rotational, 96-97 
of satellites, 37-41 
Multimeter, 137 
Muscles, energy from, 82 


Neutrons, 107, 205 

Newton, Isaac, 21, 73 

Newton’s first law, 21-22, 53 

Newton’s second law, 23-25, 53, 64, 
99 

Newton’s third law, 48-53, 70-72 

Newton-meter, 76 

Nuclear fusion, 82 


Oersted, Hans, 152, 156, 164 


Ohm, George, 131 
Ohm’s law, 131, 145-47 
resistance and, [39 
Ohms (unit of measure), 132 
Orbits, 37-46 
types of, 44 


Parabolas, 44 
Parachutes, 58, 67 
Particle accelerators, 155 
Permanent magnets, 160-63 
Photons, 196-98, 205 
Photosynthesis, 82 
Polarization, electrical, 108 
Poles, magnetic, 150-51 
Positron, 114 
Potential, electric, 121 
gravitational, 121 
Potential energy, 77-78 
Precession, 96-97, 99 
Projectiles, 33-36 
Proportionality, constant of, 124 
Protons, 107, 205 


Quantum electrodyanmics (QED), 
196-207 
Quarks, 205 


Radiant energy, 82 
Radio transmitter, 203 
Radio waves, 184, 194 
Railroad couplers, 86 
Relativity theory, 127, 170-76 
Resistance, electric, measurement of, 
139 

factors affecting, 132 

in parallel circuit, 145 
Resistivity, 133 
Right-hand rule, 157 
Rotation, 90-99 
Rotor, forces in, 61 


Satellites, motion of, 37-41 
Self-inductance, 178 

Skating, momentum and, 94-95 
Skydiving, 58 

Solenoid coil, 158 

Sound, as energy, 80 

Speed, distance and, 4-6 

Star, collapse of, 95 

Static friction, 57 

Storage rings, 155 


Subatomic force, 62 
Superconductors, 134-35. See also 
Conductors. 
direct current and, 188 


Temperature. See Heat. 
Thermodynamics, 81 
Tides, 28-29 
Torque, 93, 95 

momentum and, 98 
Transformers, 186-88 
Trolleys, magnetic brake for, 168 
Tug of war, forces in, 55-56 
Turns ratio, 185-86 


Ultraviolet waves, 194 
Uncertainty principle, 199-200 


Vector fields, 189-91 
Velocitometer, 7 
Velocity, 6 

angular, 94 


circles and, I] 
equation for, 12 
Volt, 121 
Volta, Alessandro, 115, 128-29 
Voltage drop, 137, 143 
Volts, amps and, 140-41 
measurement of, 137 


Watts, 140-41 

Waves, electromagnetic, 193-94 
infrared, 194 
radio, 184, 194 
ultraviolet, 194 

Weight, force and, 50-52 
gravity and, 30-32 

Work, definition of, 74 
in electric field, 120 
energy and, 76 

Wrench, as lever, 92-93 


X-rays, 194, 202-3 
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